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Abstract — A wide class of nanomagnets shows striking quantum behaviour, known as quantum
spin tunnelling (QST): instead of two degenerate ground states with opposite magnetizations, a
bonding-antibonding pair forms, resulting in a splitting of the ground-state doublet with wave
functions linear combination of two classically opposite magnetic states, leading to the quenching
of their magnetic moment. Here we study how QST is destroyed and classical behaviour emerges
in the case of magnetic adatoms, where, contrary to larger nanomagnets, the QST splitting is in
some instances bigger than temperature and broadening. We analyze two different mechanisms
for the renormalization of the QST splitting: Heisenberg exchange between different atoms, and
Kondo exchange interaction with the substrate electrons. Sufficiently strong spin-substrate and
spin-spin coupling renormalize the QST splitting to zero allowing the environmental decoherence
to eliminate superpositions between classical states, leading to the emergence of spontaneous mag-
netization. Importantly, we extract the strength of the Kondo exchange for various experiments

on individual adatoms and construct a phase diagram for the classical to quantum transition.

Copyright © EPLA, 2015

Understanding how matter, governed by quantum me-
chanics at the atomic scale, behaves with classical rules at
the macroscale is one of the fundamental open questions
in physics [1-3]. One of the most drastic manifestations of
the quantum character is found when a system is prepared
in a linear combination of two classically different states.
In magnetic systems, such a quantum state results in the
phenomenon of quantum spin tunnelling (QST) [4], induc-
ing an energy splitting Ay between the two lowest-energy
states and quenching their average magnetization.

Attending to the nature of their ground state, nanoscale
quantized spin systems can be classified in two groups, see
figs. 1(a), (b). Type-C systems, such as single half-integer
spins or chains of Ising coupled spins, have two degenerate
ground states with wave functions |C}) and |C3) that cor-
respond to states with opposite magnetizations. Type-Q
systems, such as anisotropic single integer spins, have a
unique ground state |¢a), as well as a first excited state

|¢x), both satisfying
|p) = |C1) + €?|C), (1)

where 6 is a phase. Whereas both correspond to quantum
spins, only type-Q systems depart radically from the clas-
sical picture of a nanomagnet because the quantum expec-
tation value (¢|S|¢) of the atomic spin operator S vanishes
identically, and not only in the statistical sense. The two
degenerate ground states of type-C systems could be pre-
pared in superposition states like (1), but coupling to the
environment would rapidly lead to decoherence, restoring
the classical behaviour [5]. In contrast, in type-Q systems
the coherent superposition emerges dynamically, and it is
protected by the energy separation Ay between |¢¢) and
|px), see fig. 1(b). Examples of type-Q magnets are found
in transition metal impurities in insulators [6], spin colour
centres [7], magnetic molecules [8] and single molecule-
magnets [4].
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Fig. 1: (Colour on-line) Two types of quantized spin systems.
(a) Scheme of a type-C spin system, with an easy axis and
two degenerate ground states, bearing each a finite magnetic
moment. (b) Type-Q spin system. Due to QST, bonding and
antibonding linear combination of states with opposite magne-
tization, are formed and are separated in energy by Ag, the
QST splitting. (c¢) Scheme of Kondo exchange interaction be-
tween a single magnetic atom and conduction electrons that
quenches Ag (see fig. 2) as (pJ), the product of the density
of states of conducting electrons and the Kondo exchange, is
increased. (d) Representation of the two classical degenerate
Néel states for spin chains, denoted as |C1) and |C3), as well
as the type-Q bonding and anti-bonding states and their cor-
responding QST splitting.

Here we focus on magnetic atoms deposited on conduct-
ing surfaces [9-12], where scanning tunnelling microscopes
(STM) can probe the two quantities that characterize the
quantum or classical behaviour: the quantum spin tun-
nelling splitting A, which can be measured by inelastic
electron tunnelling spectroscopy [8,9,11], and the magne-
tization, accessible through spin-polarized STM [13].

It has been found that diverse magnetic adatoms can
be described with the spin Hamiltonian [4,9,11,14]

Hs = D8+ E (Sﬁ - sg) . 2)
This Hamiltonian yields a type-Q spectrum for integer
spins (S = 1,2,...) with negative uniaxial anisotropy
D < 0 and finite in-plane anisotropy E. In that case, both
the non-degenerate ground state |¢g) and the first excited
state |px ), split by Ag o< E(E/D)%~!, satisfy eq. (1) with
|C1) ~ |+S) and |Co) ~ |—S) (see fig. 1(a)). This Hamil-
tonian correctly accounts for the observed dI/dV spectra
of Fe adatoms on CugN/Cu(100) [9], Fe Phthalocyanine
(FePc) molecules on CuO/Cu(110) [8] and Fe adatoms
on InSb [11] (with S = 2 for Fe/CuaN and S = 1 for
the others). In these three systems the dI/dV spectra
reveal finite quantum spin tunnelling between |¢g) and
|ox), and a null magnetic moment is expected. One

important difference with the case of molecular mag-
nets and magnetic grains [15] is the fact that, for some
adatoms, the QST splitting is larger than thermal energy
and the reservoir-induced broadening, and it can be larger
than the exchange coupling between adatoms.

Moreover, spin-polarized STM magnetometry on short
chains of Fe atoms on CuaN/Cu(100) is not able [16] to
detect finite magnetic moment, consistent with a type-Q
behaviour and the observation of QST splitting on the sin-
gle atom. Intriguingly, longer chains display a spontaneous
atomic magnetization, in the form of either antiferromag-
netically aligned Néel states [16] or ferromagnetically or-
dered states [17], depending on orientation of the chain on
the surface. In both cases, assembling type-Q atoms on a
surface can result in a type-C chain.

The main objective of this work is to model how the
QST splitting is renormalized both by Kondo interactions
and by exchange coupling between magnetic adatoms. In
both cases a sufficiently strong coupling results in the
quenching of the QST splitting so that the dressed type-Q
system becomes effectively a type C exhibiting two classi-
cal degenerate ground states.

We consider first the Kondo exchange in the weak-
coupling regime, where the type-Q magnetic adatom spin
preserves its identity and the Kondo singlet has not been
formed. In that limit, perturbation theory predicts [18]
that Kondo exchange produces both a broadening I' and a
shift of the atomic spin excitations [19], in agreement with
experiments [20,21]. Both quantities are proportional to
the dimensionless constant (p.J)?, the product of the den-
sity of states p of the surface electrons and the Kondo
exchange J. Here we go beyond perturbation theory and
show that a sufficiently large pJ completely quenches the
QST. In the first place, we assume that the separation of
the ground-state doublet from the higher excited states is
larger than any other relevant energy scale, such as ther-
mal energy or the QST so that we can truncate the 25+1
Hilbert space to only two states, |¢g) and |¢x ). For con-
venience, we define the Pauli matrices acting on this sub-
space, denoted by 7. Importantly, within the ground-state
doublet, the operators S, and S are zero, and only S, has
finite matrix elements that induce transitions between ¢¢
and ¢, :

J(8208y,82) = 5(0,0,7,), (3)
where j = J(¢¢|S.|¢x). This means that the exchange
coupling acts only through the S,-conserving (Ising) chan-
nel, and hence, the Kondo spin-flip terms are totally sup-
pressed within the ground-state doublet. This contrasts
with the S > 1/2 half integer case, in which the Kondo
spin-flip terms are reduced, but not suppressed [22]. Im-
portantly, eq. (3) will equally apply to integer spins with
different symmetries, including a cubic environment, as
well as systems with an easy axis and in-plane anisotropy
with n-fold rotational symmetry [23,24].
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As a consequence, the Kondo Hamiltonian projected in
the {|¢a), |¢x)} subspace has the form

Ao .

Hx = —71 Ze sl e
K= 5Tt 2 8% . Cho
k,o

This effective Hamiltonian has been used before [25] to
describe J = 4 spins in URusSis.

The Kondo-Ising Hamiltonian can be mapped exactly
into the spin-boson (SB) model, which permits obtaining
rigorous non-perturbative results [26]. In so doing, we
assume that the magnetic atom is a a point scatterer.
Using the standard partial wave decomposition, only
s-wave scattering is possible, which allows treating con-
duction electrons as one-dimensional fermions for which
the bosonization technique [27] can be applied. In this
language, the electron-hole excitations across the Fermi
energy are represented in terms of bosonic operators
bk,bl [26,28], where bL is a linear combination of states
where an electron is promoted from a state below the
Fermi surface to another above with additional momen-
tum k. Thus, following a standard calculation [25,26], the
Hamiltonian (4) can be written as [15,25,26]

Hgp = %@ + ) erblbr + Fv/a > g (bl + bk) , (5)

k>0 k

where the first term describes the QST of the bare mag-
netic atom, the second electronic excitations of the sur-
face, with €, = hvpk, and the third term accounts for the
Kondo interaction with g, = hvp(r|k|/L)Y/2eFvr/2we,
being hw, an energy cutoff and vp the Fermi velocity.

The SB Hamiltonian is the paradigmatic model to de-
scribe the quenching of quantum tunnelling of a two-level
system due to its coupling to the environment [26]. All
the properties of the model are controlled by the dimen-
sionless parameter «, which in our case is quantifies the
strength of the Kondo interaction, o = (pj)?. The Kondo-
Ising coupling favours localization of the system in one of
the two states with S, ~ +5 and competes with the QST
which favours the mixing of states with opposite S,. As
a result, the QST splitting is renormalized by the Kondo
interactions according to [26,29]

AL
Ay

where © is the step function. This zero-temperature
non-perturbative result shows that increasing o decreases
A/Ag exponentially fast, as shown in fig. 2, vanishing com-
pletely when o > 1. This point marks a zero-temperature
quantum phase transition beyond which quantum tun-
nelling is fully suppressed. At finite temperatures, the SB
model predicts that spin Rabi oscillations, and therefore

(6)

0.0

Fig. 2: (Colour on-line) Zero-temperature renormalized split-
ting A in units of the unperturbed level splitting Ao, eq. (5), for
two different energy cutoffs iw. = 0.1eV (red line) and 1eV
(black line), both with Ag = 1meV (notice the logarithmic
scale).

the existence of a type-Q non-degenerate ground state, are
suppressed when A/(kpT) < 2 [26].

Importantly, TETS measures A and permits inferring
«. The intrinsic line width of a transition between two
states 1 and 2 can be extracted from the experiment, re-
moving the trivial effects of thermal smearing and lock-in
modulation, and related to a by means of the perturbative
result [5]:

. 2
a1 = 042—77;2A21 [1+np(An)] Y ‘<¢1|Sa|¢2>‘ , (1)
a

where n = j/J, Aoy is the energy of the transition and
np is the thermal Bose factor. Thus, reading both Aoy
and « from the experiments of Fe adatoms on a variety
of surfaces, we can place them in a phase diagram, see
fig. 3. In the case of Fe on CusN/Cu(100) as well as FePc
and Fe on InSb we find that o < 1, in agreement with
the observed finite QST. In the case of Fe atoms on sur-
faces with C, symmetry [11,12], the bare QST splitting
is zero [23]. However, one can still infer that the strong
coupling (a > 1) of Fe on Cu(111) would lead to a null
QST even if some symmetry breaking takes place.

We now address the emergence of classical behaviour in
chains of magnetic adatoms. Two sets of different exper-
iments have shown that sufficiently long chains of S = 2
Fe atoms on CugN/Cu(100) exhibit classical behaviour
(type C), with either two degenerate Néel states [16] or
two ferromagnetic classical states [17], depending on the
chain direction over the surface. Therefore, since both
the experiments and our previous analysis show that QST
splitting of Fe on CuyN is robust with respect to the Kondo
coupling, it has to be the Fe-Fe exchange that causes
a renormalization of the QST splitting and permits the
emergence of the magnetic moment. Here we use the fol-
lowing Hamiltonian for a chain of N spins:

N N—-1
H=> Hs(n)+Ju » Smn)-Sn+1), (8)
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Fig. 3: (Colour on-line) Finite-temperature phase diagram.

Axis: renormalized QST splitting A/kgT (vertical), a (hor-
izontal).  Quantum region: «akpT/A < 1). Classical:
(akpT/A > 1). The blue dashed line: quantum to classical
boundary (o = Min[A/(2ksT),1]). Data points: (a), (b) Fe-
Phthalocyanine molecules on CuO/Cu(110) [8]; (c) Fe atoms on
CuzN/Cu(100) [9]; and (d) Fe dopants on InSb(110) [10]. Mea-
sured type-C systems, where A could not be determined ex-
perimentally, are shown over the horizontal axis: (e) Fe atoms
on Cu(111) [11], and (g) and (f) Fe atoms on Pt(111) [12].

where the first term describes the S = 2 single-ion Hamil-
tonian of eq. (2) for each Fe, and the second their exchange
coupling (Jg > 0 for antiferromagnetic (AF) and Jg <0
for ferromagnetic (FM)). Intriguingly, when acting inde-
pendently, both terms yield a unique ground state without
spontaneous magnetization for AF chains. However, their
combination gives non-trivial results. This can be first
seen using the same truncation scheme of the single-atom
case, keeping only 2 levels per site. Hamiltonian (8) then
maps into the quantum Ising model with a transverse field
(QIMTF):

N N—1
HEE%@(H)—FJ'H Z;Tx(n)rx(n—i—l), (9)

where ji = Ju [(¢c]S:|éx|*. This model can be solved
exactly and presents a quantum phase transition in the
thermodynamic limit (N — c0), separating a type-C from
a type-Q phase. In terms of the dimensionless parameter
g = 2|ju|/Ao, the transition occurs at g. = 1 [30], see
main panel of fig. 4(b). For g < 1 the spin chain is in a
quantum paramagnetic phase with a unique ground state
and (7,(n)) = (S.(n)) = 0. For g > 1, it is in a magnet-
ically ordered phase, with two equivalent ground states
with staggered magnetization, (7, (n)) o (S, (n)) o (=1)™
for the AF chains (and two states with net magnetiza-
tion for the FM coupling). In this thermodynamic limit,
the QST is renormalized by the interactions according
to [30]

A
— =[1-gl6(1 —9).

A (10)
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Fig. 4: (Colour on-line) (a) Superposition state of two Néel
states. (b) QST splitting of the Ising chain, eq. (8), vs.
g = 2|ju|/Ao for a N = 20 chain (black line) and the infinite
chain (red line, eq. (10)). g. = 1 marks the quantum phase
transition. Inset: QST splitting of the S = 2 Heisenberg spin
chain together with higher-energy excitations (orange lines) vs.
g for the Fe chains with D = —1.5meV and £ = 0.3meV
(the diamond marks the experimental condition [16,31] with
g =~ 27). (c) Chain size dependence of A in the QIMTF for
g = 0.5 < g. (weak size dependence), and g = 1, 2 (exponen-
tial dependence that leads to a type-C ground state for large
N). Inset: size dependence of A for Hamiltonian (8) with the
experimental parameters, both for the AF [16,31] and FM
chains [17], showing an exponential dependence.

This result shows that, as in the case of Kondo exchange in
eq. (6), the interatomic exchange also renormalizes QST,
and when sufficiently strong, it suppresses it completely.

Direct application of egs. (9) and (10) is not possible for
the Fe chains on CusN/Cu(100) [16,17,31] where exchange
Jg and anisotropy |D| are of the same order, preventing
the use of the mapping to an Ising model. Instead, we
compute the eigenstates of Hamiltonian (8) numerically,

57001-p4
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and compare with those of finite-size chains of the QIMTF
(fig. 4), both for FM and AF cases. The small Jy phe-
nomenology is similar to that of the truncated Ising model
and the full Heisenberg Hamiltonian: as the Heisenberg in-
teractions are turned on, the QST splitting is reduced (see
insets of fig. 4(b) for the AF case). Both the computed
ground and first excited states, |¢g) and |¢px), satisfy
eq. (1) with |C1) and |C2) being classical Néel-like states
for the AF case and fully polarized states with S, = £2N
for the FM case. The next excited states lie much higher
in energy.

Crucially, for the experimentally observed values Jy =
0.7meV [16,31] and Jg = —0.7meV [17,31], A decreases
exponentially with the size of the chain (fig. 4(c)), the ef-
fect being much more marked for FM chains. Thus, in this
sense we can say that FM coupled chains become classi-
cal more easily than AF coupled ones. It has to be noted
that the decay of the QST for ferromagnetic is consis-
tent with those of a macro-spin model. In both instances,
the results for the full Heisenberg model with single-ion
anisotropy are consistent with those of the quantum Ising
model in a transverse field. In particular, our numerical re-
sults do not show a sign dependence in the weak-coupling
regime.

In rigour, interatomic exchange in finite chains renor-
malizes the QST to a tiny but finite value (see fig. 4).
Therefore, the observed [16,17] emergence of classical
behaviour is assisted as well by the Kondo coupling.
A rigorous direct mapping of the Kondo coupled spin
chains to the archetypal spin-boson model of dissipative
dynamics is no longer possible. Using results from second-
order perturbation theory [5], one finds that the Kondo-
induced decoherence rate of a chain of N AF coupled spins
is [32]

- N QkBT

For instance, the N = 8 Fe chain of ref. [16] leads to
A/(RTy; ) <107 at T = 0.5K, indicating that the Fe
chain will be in the decohered type-C state [5]. Thus, the
combination of interatomic exchange, that reduces almost
down to zero the QST of the monomer, and the enhanced
spin decoherence of the chain due to the Kondo exchange
with the substrate, lead to the emergence of the classical
behaviour of the finite-size spin chains.

Our results connect the problem of quantum to classi-
cal transition in magnetic adatoms with the general ideas
established in the 1980s of the role of dissipation in quan-
tum tunnelling [33] and more specifically with the case
of molecular magnets and magnetic grains [15]. To the
best of our knowledge, the results for the antiferromag-
netic chains are very different from any result existing in
the literature.

To conclude, a sufficiently strong coupling to either
the itinerant electrons or to other localized spins, leads
to a phase with a doubly degenerate ground state where
classical behaviour appears. Using experimentally verified

Ty '(N)

coupling strengths we find that this transition can occur
for small ensembles of interacting atoms (N < 10) or even
individual atoms. Hence, the classical phase in nanomag-
nets appears as a quantum phase transition to a quan-
tum decohered phase. Importantly, and in contrast with
molecular magnets and magnetic grains, the phase with a
QST splitting larger than kgT is observable, making mag-
netic adatoms an ideal system to explore the quantum to
classical transition experimentally.
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