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In the paper [1] we reviewed transport through molecular magnets in dependence of magnetic
anisotropy and external magnetic fields. Unfortunately, several of the numerical results of
this paper are not correct. In particular, in the exchange interaction JS-s, coupling the
SMM to the first site on the Wilson chain in the NRG algorithm, the term JS,s, was
inadvertently implemented incorrectly. As a result, we did not account for matrix elements of
the z-component of the SMM spin operator (i|S.|j) with i # j, while accounting for those
with i = j. Here |i), |j) denote eigenstates of the SMM part of our Hamiltonian Hgym =
—DS?+ % D onein B, (S +S*)+ H, - S, + H, - S, with D > B,, B,. Thus, the NRG algorithm
was applied correctly but using incorrect matrix elements, thereby not capturing the transitions
into SMM excited states. This leads to incorrect results only when two conditions are met:
(i) the excited states of the SMM are relevant, i.e. J is large enough compared to the largest
anisotropy splitting A = (25 — 1) D, and additionally, (ii) there is transverse anisotropy (B;, By)
or a transverse magnetic field. Both conditions (i) and (ii) have to apply at the same time for
quantitative errors to occur. Importantly, in the weak exchange limit, i.e. where J is sufficiently
weak compared to A, condition (i) does not apply: all the results in section 3.1 of [1] are
therefore correct. This we checked by explicit recalculation of the results with the corrected
code [2]. However, the result in section 3.2 of [1] for large J requires correction. For this we
refer to the erratum [2] to [3]. For a very large magnetic field H, > D, B, the anisotropy
becomes unimportant and the eigenstates approach spin eigenstates. Also in this limit, the
paper [1] reports the correct suppression and splitting of the Kondo peak. For the above reasons
the problem could not be detected in the numerous checks we performed against known results
for the Kondo effect for various spins § in a magnetic field but without magnetic anisotropy.
Recalculation of the results of sections 4 and 5 of [1] confirms one of the central
conclusions, namely, that the excited states can indeed be involved in the Kondo effect. However,
the correct order of magnitude of Tk is much smaller, see [2], and the re-entrant behavior of the
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Figure 1. Plot of the spectral function A (normalization Ay = 72/4) as a function
of the frequency w, set equal to the bias voltage V, and the magnetic field energy
H, in units of the diabolical scale H® = +/2B,(D + B,) for half-integer spin
S=3/2and D =10"*W and B,/D = 0.1. The value of J =0.15W is chosen
somewhat smaller than the original J = 0.2 to reduce the renormalization effect
of the positions of the diabolical points.
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Figure 2. The same as figure 1 except for spin § =2 and anisotropy
D=2x10"*W.

Kondo effect as a function of a longitudinal magnetic field of figures 4, 5 and 7 of [1] is not
present. Recalculation of the results of section 5 of [1] confirms the Berry-phase oscillations in
the conductance as a function of the external transverse magnetic field H, (in units of gug = 1).
However, at the crossing points of these oscillations, a re-entrant Kondo effect is found, contrary
to our statement at the end of section 5.1 of [1]. This instead agrees with the predictions by
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Figure 3. Maps of the spectral function A (normalization Ay = 72/4) evaluated
at zero frequency as a function of the longitudinal (H.) and transverse magnetic
fields (H,) in units of the diabolical scales H; = +/2By(D + B,) and H} =
v/ D?— Bj. (a) Spin S =3/2 anisotropy D = 10~*W and other parameters as
in figure 1. (b) Spin § = 2 and anisotropy D = 2 x 10~* W and other parameters
as in (a).

Leuenberger and Mucciolo [4] in the high-temperature limit that were obtained by a poor-
man scaling analysis. In figures 1 and 2, we exemplify the corrected results by showing the
dependence of the spectral function on the transverse field for half-integer spin S =3/2 and
integer spin S = 2, respectively. For the (half-)integer S, the Kondo effect occurs close to odd
(even) multiples of the Berry-phase scale H = +/2B,(D + B;) up to 25 — 1, the positions being
renormalized due to the large value of J. Similar corrections apply to the zero-bias conductance
maps as a function of the longitudinal and transverse fields shown in figure 7 of [1]. In figure 3,
we show a representation of the corrected maps demonstrating that the Berry-phase oscillations
are suppressed with increasing longitudinal field.

Finally, we mention that the results of [5] are affected only quantitatively [6]. For clarity, we
point out that the results of the authors on transport through SMMs other than those mentioned
here are not affected in any way by the issue reported here.
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Abstract. We theoretically analyse coherent electron transport through a single-
molecule magnet (SMM) in the regime where charge fluctuations are suppressed.
Using the numerical renormalization group (NRG) technique, we calculate the
low-temperature conductance as a function of the SMMs magnetic anisotropy
parameters and the strength and orientation of an external magnetic field. We show
how the microscopic magnetic symmetry of the molecule affects the transport via
a Kondo effect with non-trivial dependence on a longitudinal field. In addition,
we show how Berry’s phase and the Kondo effect, both associated with reversal
of the SMMs spin, appear when both the magnetic field amplitude and direction
are varied. It is shown that both effects involve the magnetic excitations of the
SMM in an essential way.
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1. Introduction

Spintronics typically involves transport of electrons where the relativistic coupling of the spin
and orbit is particularly important in certain parts of the system. The ultimate limit of such a set-
up consists of a single-molecule magnet (SMM) coupled to a source, drain and gate electrode as
depicted in figure 1(a). A recent advance in nano-fabrication has been the experimental realization
of such a SMM transistor and the investigation of the effects of molecular magnetism on the
transport [2, 3]. In such a small molecular device the energy and charge quantization effects
are very strong with energy separations on the scale of 50 meV and beyond. As a result a large
contribution to the transport through a molecular junction comes from sequential tunnelling
of single electrons: typically ‘Coulomb diamonds’ are observed in the differential conductance
[2]-[14], which are a well known sign of quantum-dot behaviour [15]. Interestingly, the measured
size- and charge-quantization energies can be substantially smaller than the known bulk values
due to the presence of metallic electrodes [6, 16]. Another peculiarity of a molecular junction
is that the tunnel coupling typically is so strong that corrections due to cotunnelling (involving
coherent electron-hole pairs) [17, 18] and even the Kondo effect [19, 20] are large even at
a temperature of a few Kelvin. The spintronic operation of devices exhibiting such standard
quantum-dot behaviour by external magnetic means (magnetic fields and spin-polarized currents)
has been addressed both theoretically in the sequential tunnelling [21]-[25], cotunnelling [26]
and the Kondo regime [27, 28], as well as experimentally [10]. In a magnetic molecule the
intra-molecular exchange and spin—orbit effects give rise to a high-spin ground-multiplet with
significant anisotropy splittings, even at zero magnetic field. SMM transistors are distinguished
from quantum dots by these peculiar low energy excitations which lie typically on the 1 meV
scale, far below the orbital and exchange-level separations. In this contribution, we demonstrate
how these internal magnetic properties affect the electronic current, even when connected to
normal electrodes at zero magnetic field in the Coulomb blockade regime where spin-fluctuations
dominate the transport. Furthermore, we show that an external magnetic field reveals a rich
magneto-transport spectrum from which the magnetic properties of the SMM transistor may
be accurately determined in situ. Such transport fingerprints are unique to SMMs: they cannot
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Figure 1. (a) Transport set-up: a SMM coupled to physical electrodes.
The antiferromagnetic exchange J ~ I'/(AEp) in equation (2) is induced by
coherent spin-dependent electron transfer between the physical electrodes,
thereby virtually charging the SMM (I = tunnel coupling, A E = addition energy,
p = density of states). The conductance essentially measures the equilibrium
local density of states or spectral function ) _ A, which we calculate using the
numerical renormalization group (NRG). (b) Polar plot of the energy of a SMM
described by equation (1), with B, = 0.1D and By = H, = H, = 0 and spin of
length 1. The dominant uni-axial anisotropy (D) favours the spin (black arrow)
to align with the easy z-axis, but maintains a continuous rotation symmetry with
respect to this axis. The transverse anisotropy perturbation (B, < D) breaks this
symmetry leaving only the rotation by 7 as a symmetry element. As a result, in the
quantum case the transverse and uni-axial terms are non-commuting operators and
the spin can tunnel between eigenstates of S,. Classically there are two equivalent
paths for spin reversal passing through the medium y-axis (dashed red curves).
In the quantum case this gives rise to interference involving a Berry phase. A
magnetic field modulates the acquired phase difference between the spin-reversal
paths for tunnelling [1].

be observed in quantum-dot systems consisting of a small metallic nanoparticles or a carbon-
nanotube. They derive from the high spin and discrete molecular symmetry of a SMM and may
provide additional evidence in experiments that transport occurs through the targeted molecule.

The hallmark property of a SMM is the quantum dynamics of the large total spin § > 1/2 or
magnetization. Due to the atomistic details controlled by advanced chemical synthesis a SMM
has an intrinsic uni-axial anisotropy which designates a preferred axis for the spin, relating to
the classical notion of magnet, see figure 1(b). Upon quantization of the spin, the ground-state
multiplet exhibits a zero-field splitting (ZFS) due to the anisotropy, which has been studied in
great detail with magnetic measurements [29]. From the viewpoint of molecular magnetism, the
new aspect of the transport measurements reported in [2, 3] is that ground-state multiplets of
several charge states of the SMM are addressed, each split by magnetic anisotropy. In addition,
there is a non-commuting transverse anisotropy term that generates coherent tunnelling of the
spin through the uni-axial anisotropy barrier which separates states with opposite magnetization.

New Journal of Physics 9 (2007) 344 (http://www.njp.org/)
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This is known as quantum tunnelling of the magnetization (QTM) and gives rise to coherent
superpositions of spin eigenstates, both as ground and excited states of the SMM, which are split
in energy. As a result, the orientation of the spin along the easy-axis of the SMM is completely
uncertain, a striking aspect of molecular magnetism. Typically the spin-tunnel splittings are very
small in the lower part of the energy spectrum (far below the barrier) and one might expect that
this would be difficult to observe in transport. However, it has been shown that the modification of
the spin-wave functions due to this spin-tunnelling gives rise to notable effects in the transport in
the regime of sequential tunnelling [30, 31], cotunnelling [32]-[34] and especially in the Kondo
regime [35, 36]. Suitable SMMs for the observation of such effects of quantum magnetism on the
transport have a moderate spin 1 < § < 10 and both a sizable uni-axial and transverse anisotropy.

Application of SMMs as magnetic transistors of molecular dimensions has already been the
subject of several proposals in the field of spintronics [31, 33, 34, 37, 38] and quantum-computing
[39]. However, before any progress can be made, a crucial step is the understanding of the relation
between the microscopic details of a SMM transistor and macroscopic transport quantities. How
does one extract the magnetic properties of an individual SMM embedded in an electric circuit
from magneto-transport measurements? These include the strength of the magnetic anisotropy
barrier, the transverse spin-tunnelling amplitude, the orientation of the SMM’s anisotropy tensor
with respect to the junction electrodes, as well as the magnetic symmetry related to the molecular
spatial symmetry. Stabilizing SMMs and accessing their magnetic properties on a surface is
difficult [40]-[43], more so for SMMs in a narrow nano-junction. It is not obvious that the
SMM retains the precise well-known properties it has in a crystal [44, 45], although synthetic
progress has been made in assuring this [2]. Therefore on the level of theoretical description, the
essential questions include the following: (i) how does the transport reflect the above magnetic
properties if charge fluctuations are dominant? How is it affected by a significant dependence
of the magnetic properties of the SMM on the charge state? Such a dependence is well known
from electro-chemical studies of SMMs. We recently addressed this question and found that the
quantized magnetic states can be resolved in zero-field single-electron transport [2, 30], which
was found experimentally [2, 3]. See [39] for the corresponding transport phenomena for single-
molecule antiferromagnets. (ii) At low temperature and bias voltage, in appropriate gate voltage
regimes the molecular charge is stabilized by charge- and energy-quantization. Then, in addition
to the intrinsic spin-tunnelling, the molecular spin can fluctuate due to exchange scattering of the
electrons. This results from electron tunnelling processes where the molecule is only virtually
charged. Do these spin-dependent processes cooperate or compete in the spin reversal and how
do they effect the transport? Is there a Kondo effect associated with exchange scattering and how
is it modified? In the presence of anisotropy, the reversal of a spin § > 1/2 by tunnelling involves
interference effects related to a geometric or Berry phase, as explained in figure 1(b). What is
the joint impact of the Kondo effect and the spin Berry phase on the transport, which both relate
to spin reversal? In this paper, we will address these questions relating to the spin-fluctuation
regime using the most basic transport model presented in the following section.

2. Minimal transport model for SMMs
SMMs are typically organo-metallic complexes made up from metal ions with nonzero spin

ground states held together by bridging ligands which mediate exchange interactions. These ions
exhibit a ground-state splitting at zero magnetic field: since the local environment of such an
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ion is not spherically symmetric (ligand/crystal field effect) the spin—orbit coupling effectively
gives rise to an anisotropic potential for the spin, see figure 1(b). We disregard here complications
arising from nonzero angular momentum of the ions, which plays a role in some SMMs. The
total molecular spin of the coupled ions ‘inherits’ this anisotropy from its constituents, as can be
shown by tensor operator techniques [46]. The non-trivial dynamics of the total spin due to the
anisotropy is governed by an effective spin Hamiltonian [46] given by

Hgyv = —DS? + 1 [By (S7+ 82) + By (S{+5%)]+ > H.S:, (1)
i=x,z

where S; is the projection of the SMM’s spin on the i-axis where i = x, y, z and S1 = S, £,
are the ladder operators. The terms in equation (1) describe, respectively, the easy-axis magnetic
anisotropy of the molecule, the transverse anisotropy perturbations and the coupling to a magnetic
field along the easy axis (H,) and transverse to it (H,). The g-factors are absorbed into the
magnetic field components. The transverse anisotropy terms generate the quantum tunnelling of
the magnetic moment, since they do not commute with the easy-axis term. One can say that the
spin-tunnelling is generated by the molecular symmetry: since the magnetic ions take up discrete
positions within the molecule, in equation (1) terms are allowed which exhibit no continuous
rotational symmetry; see also the caption of figure 1(b). Controlling these terms by chemical
synthesis has been the subject of the field of molecular magnetism, see for a review [29]. The
atomistic details of the molecule thus determine the discrete symmetry of the dominant transverse
terms, and two limiting cases are of interest here: (1) low symmetry transverse term: B, > 0 and
B, = 0. Since (7 + §2)/2 = S} — S}, the x-axis is the magnetic hard-axis of the molecule, see
figure 1(b). (i1) High symmetry transverse term By > 0 and B, = 0. The B, (B,) term has a 2-fold
(4-fold) rotation-symmetry axis and the Hilbert space is split into 2 (4) subspaces for H, =0
for any longitudinal magnetic field (which preserves the rotational symmetry about the z-axis).
In contrast, a finite transverse magnetic field H, reduces the symmetry and couples all these
subspaces. A central point of the paper is that the existence of uncoupled subspaces of different
symmetry gives rise to a strong dependence of the magnetic wavefunctions on the anisotropy
parameters and external magnetic fields which can be detected by a transport current.

In the regime where the applied voltages, charging effects and low temperature suppress
single-electron tunnelling [35], we can consider the ground multiplet of a single charge state
of the SMM described by a well defined value of the spin S. In the absence of charge
fluctuations, the tunnel coupling to two physical electrodes results in exchange scattering H.x of
electrons from a effective electrode H,.,. The Hamiltonian of the complete system then reads:
H = Hy\y + Hex + Hyes Where

H, =JS s, (2)
H. = Z ekaa]taakm (3)
ko

Equation (2) describes the exchange coupling of the molecular spin to the effective reservoir
equation (3) (bandwidth 2W and constant density of states p). The electronic states are labelled
by ko and denote the even combination of left and right physical electrode states [19, 20].
The local electron spin in the reservoir is s =) ., >~ a) Towapo /2 Where T is the Pauli-
matrix vector. The exchange coupling J is induced by virtual electron tunnelling processes
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and is antiferromagnetic due to the strong energy- and charge-quantization effects [47], see
caption of figure 1. We have calculated the low temperature conductance G (V) = dI(V)/dV =
(€*/2) > As(V) through the SMM from the spectral function A, (w) obtained using Wilson’s
NRG [48, 49] within the T-matrix approach [50], accounting for all eigenstates of Hsyy, see
[35, 36]. The magnetic structure of the SMM enters the calculation through matrix elements of
the spin operator S between the exact eigenstates of the molecular Hamiltonian, equation (1),
see next section. This approach is non-perturbative in J and describes correctly the enhancement
of the zero-bias conductance due to the Kondo effect. For a SMM coupled asymmetrically to
the electrodes, see figure 1(a), for which deviations of the magnetic state occupations from
equilibrium are small, G (V) as calculated above, also gives the conductance a small, finite bias.
We will restrict our attention to this situation, since we can then distinguish whether there is a
peak or dip in the conductance, and we can identify the splitting of the Kondo peak by a magnetic
field as such from the NRG results. Below we will always discuss the experimentally measurable
conductance G as a function of the experimentally controllable variables (voltage and magnetic
field).

The remaining part of the paper is organized as follows. In section 3, we explain why
the zero-field transport depends sensitively on the magnetic parameters of the SMM. Due to
the cooperation of intrinsic spin-tunnelling and exchange scattering processes related to the
transport a non-trivial Kondo effect can occur in SMMs. The strength of the Kondo zero-bias
conductance peak depends non-monotonically on the transverse anisotropy due to the occurrence
of anti-crossings of the excitations of the SMM induced by the spin-tunnelling. In section 4, we
demonstrate that this Kondo effect also shows re-entrant dependence on a magnetic field applied
along the easy axis due to similar avoided crossings. We show that this effect reveals the symmetry
of the dominant transverse anisotropy term, allowing it to be extracted from a measurement. In
section 5, we demonstrate that the Berry phase associated with reversal of the spin can be detected
in transport measurements by scanning the magnetic field vector in the plane of the SMMs easy
and hard axis. In particular, we show that this phase directly modulates a pronounced zero-bias
dip in the conductance.

3. Zero magnetic field: Kondo effect and spin-tunnelling

In the present and following sections the transport involving exchange scattering is discussed.
Since the ground state spin-multiplet of the SMM is split, one has to distinguish two regimes, in
contrast to the standard S = 1/2 Kondo problem: weak exchange A < J and strong exchange,
A < J, where A denotes the energy separation of the lowest two states from the rest of the
spectrum. For B,, B4S? < D this ZFS is denominated by the uni-axial anisotropy barrier:
A =~ (25 — 1)D. The weak exchange regime allows for a simpler physical picture since the
SMM ground doublet is responsible for the transport properties. On the other hand it might be
experimentally less favourable since the Kondo effect is weak i.e. typically low temperatures
are required. In the strong exchange regime all magnetic excitations of the SMM participate in
transport basically because the Kondo energy scale 7k (J, A) associated with the excitations can
reach the energy splitting A for sufficiently large J >> A. This leads to a series of effects that are
related to the unique magnetic properties of these molecules. Along a similar vein, we recently
demonstrated a Kondo effect involving resonant exchange scattering of an excited triplet state
in the presence of a discrete vibrational mode [51]. Typically one experimentally finds strong
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tunnelling [6, 8, 12], [52]-[54], giving rise to a standard S = 1/2 Kondo effect with Kondo
temperatures in excess of 200 K~20 meV [54]. Therefore depending on the SMM parameters
(mainly D and S) and the junction parameter J either regime may be accessible in experiments.

3.1. Weak exchange scattering

The Kondo effect is a many-body phenomenon involving scattering processes in all orders of
H.x [55]. It results in a screening of internal degrees of freedom of the scattering centre and
is evidenced by a resonance peak in the conductance at low bias [20, 21]. For a SMM the
characteristic energy scale, the Kondo temperature Tk, depends non-trivially on the spin S and
the magnetic parameters B,, B4, D. We have calculated this dependence rigorously using the
NRG [35]. A more intuitive picture of the processes leading to Kondo correlations in a SMM is
obtained by truncating the spectrum, keeping only the two degenerate ground eigenstates |+) of
Hgyvm- One obtains an effective spin-1/2 Kondo model Heg + Hyes With

Heff: Z jOlPOlSOH (4)

d=X,y,2

where the pseudo-spin operators are defined through Py, iP, = (|+)(—| & |—)(+|)/2 and P, =
(|+)(+] = |—=)(—1)/2. The effective exchange constants depend on B,, B4, D and S through the
matrix elements of the spin operator:

Jo =2J(+|S:[+) >0, )

Jey = JHIS £ S_[=). (6)

Importantly, these constants are completely anisotropic, except for special values of the
parameters where they are axially anisotropic (see below). A central result is that for weak
transverse anisotropy of the form B,,, (S?™ + $>™)/2 the Kondo effect can occur only if the spin
is commensurate with the magnetic symmetry in the following sense:

285 —1
2m

= integer. (7)

Thus at zero-magnetic field the Kondo effect can only occur for half-integer spin SMMs. If the
transverse anisotropy has a symmetry higher than that of B,, additional half-integer spin values
not satisfying (7) are excluded. This ‘spin-selection rule’ (7) can be checked very easily provided
the spin and the symmetry of the dominant transverse term of the molecular magnet are known.

Before deriving this ‘spin-selection rule’, we show that it expresses a simple
commensurability problem for weak transverse anisotropy B,,,S*"~D « D. This is illustrated
in figure 2. We choose the |+) state such that j, > 0 without loss of generality and we want to
see if the exchange interaction can reverse the pseudo-spin from — to +. This amounts to finding
processes which can reverse the SMM spin from M = —S§ to M = +S using only the spin raising
operator S, (see below). Firstly, an exchange scattering process increases M to —S + 1, while
flipping the spin of transferred electron down. Clearly the usual underscreened Kondo resonance
for S > 1/2 is suppressed by the energy penalty for this process A ~ (25 — 1) D introduced by
the uni-axial anisotropy. Subsequently, due to the discrete molecular symmetry the transverse
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Figure 2. ‘Spin-selection rule’: the Kondo effect can occur only if the spin is
commensurate with the magnetic symmetry. The levels depict spin states M where
M = —S on the lower left side of the parabola and increases linearly to M = §
on the lower right side. Subsets of states which are not coupled by the transverse
anisotropy term have different line style (full, dashed) and colour.

term allows the spin to tunnel by virtually crossing the uni-axial anisotropy barrier in big, even
steps M’ — M = 2m. Odd steps are forbidden by time-reversal symmetry. For a commensurate
odd spin value S one can reach M = §, figure 2(a), whereas for incommensurate odd value one
ends up in an excited state, breaking the resonance condition for the Kondo effect, figure 2(b).
In a similar way, it is evident that for any half-integer spin and low symmetry anisotropy the
exchange scattering can reverse the spin and the Kondo effect occurs, figure 2(c). Finally, along
the same line, one finds that an integer spin value S is incommensurate with transverse anisotropy
of any symmetry, as it always breaks the Kondo resonance condition, figure 2(d).

The low energy properties of the above pseudo-spin scattering model can be understood
analytically from a poor-man scaling analysis [56]. In this approach, one scales the conduction-
bandwidth W down and simultaneously adjusts the coupling constants through second order
perturbation theory to keep the physics described by the model invariant [57]. This adjustment
is described by the scaling equations:

djo .

Tnw —  Plelv (8)
where «, B, y are cyclic permutations of x, y, z [58] and the initial values are given by equations
(5) and (6). This effectively amounts to a non-perturbative treatment of the exchange scattering.
This approach breaks down when one coupling constant diverges at a scale W = Tx: this allows
one to extract the Kondo temperature. In order to solve (8) we use the fact that specification of
any two scaling invariants j2 — jé, o # B defines a three-dimensional scaling curve. Inversion
of any pair of j,, js leaves the scaling equations invariant, whereas inverting a single one
reverses the flow. Interestingly, all scaling trajectories flow to the strong coupling limit except
those in planes of uni-axial symmetry, |jo| = |jg| < |j,| with jojgj, < O. In the latter case
one has a ferromagnetic fixed line which is unstable with respect to infinitesimal perturbations
perpendicular to it which are typically present in our model. If the effective exchange constants lie
close to this line the Kondo temperature will thus be strongly suppressed. The scaling equations
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can be integrated and for |j.| > |j.| > |j,| with | j;| # |j,|, we find for the Kondo temperature

1 _ il |2 =0
In(Tie/ Werr) = ——===cs"' — |5 | 9)
1Y jzz - jy2 jzz - jyz Jz ]y

here cs~!(u|m) is the inverse of the elliptic integral cs(u|m), see [59]. In the uni-axial planes
lj:| = 1Jj«l or |j| = |jy| equation (9) reduces to the well-known expressions for easy-axis
anisotropy [60, 61] since cs~!(u|0) = arctan(1/u) and cs~!(u|1) = arctanh(+/1 + u?). In this
scaling procedure the upper bound of the Kondo scale 7k is set by the effective bandwidth Wg
from which the scaling is started. For this one should take the ZFS A, separating the Kramers-
degenerate ground state from the other excitations of the SMM. The ZFS A depends on the SMMs
parameters D, B,,, S and typically is on the order of (2§ — 1)D ~ 0.1 meV i.e. Tx < 1K If Tk
reaches A the Kondo effect persists but the scattering becomes more complicated, as discussed
in the next section.

The transverse anisotropy terms of the SMM generate the transverse exchange couplings
(6) which are essential to the Kondo effect. For the typical case of a small transverse perturbation
one has | j,|, | jy| < j;. Then, the Kondo effect can develop except when | j| = |j,| and j,j, <O,
which using equation (6), gives the condition

(+18:]=) # 0, (10)

i.e. the molecular spin raising operator in the exchange interaction has to flip the pseudo-spin
from down (—) to up (+). This leads to the ‘spin-selection rule’ (7) discussed above. For a
dominant low-symmetry transverse term, B, < D, the criterion (10) is always fulfilled for
any half-integer spin. As a function of B, the Kondo temperature Tx given by equation (9)
shows a single broad maximum at B, = D, in agreement with the NRG results [35]. Since
the spin-tunnelling generated by B, assists the exchange scattering in reversing the total spin,
Tx increases exponentially as one approaches this peak from B, < D. In contrast to this,
for a high symmetry transverse term B4S> <« D condition (10) is violated for spin values
S=T+4k)/2,k=0,1,2,...: the ground states are linear combinations of spin eigenstates
with M = S +49,9g=0,1,2,...and can only be connected by the spin lowering operator.
The Kondo effect is thus suppressed by the high symmetry of the SMM in the weak exchange
regime, see [35].

3.2. Strong exchange scattering

In the strong exchange regime it is no longer possible to discuss the Kondo effect using only
the two ground states of the SMM and the behaviour discussed above may break down. To
appreciate the complexity of the scattering in this regime it is useful to change to the exact
representation of equation (2) in the eigenbasis of Hgyv and consider the two cases of low and
high symmetry where only B, or B, is nonzero, respectively. The eigenstates are mixtures of
different spin eigenstates |S, M) and are denoted by |nlo). Examples are shown in figure 3.
There are disjoint subspaces due to the symmetry of Hgyy which come in pairs, one subspace
mapping onto the other under the operation of time-reversal (|S, M) — (—1)5"M|S, —M)). The
members of each pair are distinguished by o = +. For high-symmetry anisotropy By, there are
two such pairs of subspaces requiring an extra label n = 1, 2 to distinguish them (n = 1 for
low-symmetry anisotropy B,). Finally, within each no subspacel = 1, 2, ... counts the states in
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Figure 3. (a)-(c) Schematic eigenspectra of Hgyy for weak transverse
anisotropy perturbations with low (a) and high (b) and (c) symmetry. The states
are labelled as |n, lo) as described in the text (in (a) the only possible valuen = 1
is not indicated for clarity). States from the same subspace have matching line
style (full, dashed) and colour. Note the structural similarity between the spectra
in (a) and (b).

order of decreasing energy. In this basis equation (2) reads

eX - Z (Z Jiil n'l’ nl n’l’sl + Z nl,n'l'c |I’llO’ /l/O'| Sz) . (11)

nl I=x
n'l Y

The first, transverse, term describes the spin-scattering involving a pair of states |n/+) and |n'l'—)
in terms of pseudo-spin-1/2 operators Py, ., anz or = (nl+)(n'l' — | £ |n'l'=)(nl +1)/2 with
effective exchange couplings

e = J(nl+1S, £ S_|n'l'=). (12)

The longitudinal couplings read J;; ., = J(nlo|S;|n'l'c). We point out that longitudinal spin
operators P, ., = (|nl+)(nl + | — |n'l'=){n'l' —])/2 can only be introduced in a unique way if
an approximative projection onto a single pair of states is made. The representation (11) makes
explicit that the transverse exchange scattering of an electron, flipping its spin from |, to 1, induces
a transition on the SMM, |nlo) — |n'l' — o). Importantly, there is no selection rule, neither on
[,I' nor on n, n’ i.e. the transition may involve states of different energy. This means that in a
SMM « §? transitions between internal magnetic states are involved in the exchange scattering.
In contrast, for a spin S without transverse anisotropy only 2§ transitions are possible due to
selection rules (i.e. continuous rotation symmetry). It is this large amount of possible transitions,
combined with the complicated dependence of the corresponding amplitudes in equation (11)
on the quantum numbers n,n’,[,!" and on the parameters B,, B;, D which gives rise to the
rich transport characteristics of SMMs. For strong exchange the resonant scattering involving
the excited states may have a corresponding energy scale Tk (J, A) on the order of the energy
splitting A. Then the coupled system of SMM and electrodes can sustain a Kondo effect, even
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though the ground state of the isolated SMM may be non-degenerate. This requires the NRG
technique for a proper treatment. Only in the weak exchange regime one can reduce equation
(11) to the effective pseudo-spin 1/2 model of section 3.1 by neglecting the excitations.

The importance of the excited states is clearly seen already for low symmetry anisotropy:
Tx calculated with the NRG oscillates as a function of B,, instead of showing a single maximum
at B, ~ D as in the weak exchange regime [36]. The dips in Tk arise due to anticrossings of
SMM eigenstates which are traversed as B,/ D is varied. At such an anticrossing many of the
transverse exchange couplings (12) vanish as explained in [36]. Basically, at anticrossings certain
magnetic states |.S, M) of which the eigenstates are composed interchange their roles and there
is a cancellation of the matrix elements of S, and S_ in equation (12) [36]. The interesting
new aspect of a high symmetry transverse term B4 (B, = 0) is that there is no Kondo effect for
weak exchange and incommensurate half-integer spin values S = (7 +4k)/2,k=0,1,2,....
For small B, < D/S? condition (10) is violated for the ground Kramers’ doublet. However, the
excited states do support a Kondo effect which is evidenced by the dramatic dependence of Tk
on the strength of the transverse term B, in the weak exchange regime noted in [35]. Due to the
high symmetry, states from the different subspaces n = 1, 2 (cf equation (11)) can intersect in
energy as one varies B,. For example, for § = 7/2 the Kondo effect suddenly appears beyond the
threshold B, > 1.5D/S? due to a change of the SMMs ground state: condition (10) is obeyed for
the new ground doublet and 7k jumps to a nonzero value [35]. A similar effect occurs when the
exchange scattering becomes strong: the restoration of the Kondo effect suppressed by symmetry
and the magnetic field dependence are discussed in the next section.

4. Longitudinal magnetic field: magnetic symmetry

In the weak exchange limit the magnetic field has the sole effect of suppressing the Kondo peak.
This can be seen explicitly from the mapping onto the pseudo-spin 1/2 Kondo model (4) for
which this behaviour is known. In contrast, in the strong exchange regime which we will consider
from here on, the Kondo effect shows a rich re-entrant behaviour as a longitudinal magnetic field
H, is varied [36]. This is due to anticrossings of excited eigenstates of the SMM as discussed
above, which are now induced by the external magnetic field. Here we show how this behaviour
is strongly modified if a transverse anisotropy term with high symmetry B, is important or even
dominating the B, term. Two striking demonstrations of this are shown in figures 4 and 5, which
were calculated using the NRG.

For § = 5/2 the high symmetry does not suppress the Kondo effect at zero-field in the weak
exchange limit. However, the magnetic field dependence in the strong exchange limit shows a
peculiarity. The magneto-conductance for a low-symmetry anisotropy and lower spin § = 3/2
shown in figure 4(a), seems closely related to that for § = 5/2 and high-symmetry anisotropy,
figure 4(b). The result for low-symmetry with the same spin, figure 4(c), is clearly distinct. The
reason for the seemingly smaller spin of the SMM from the magneto-conductance is that the
Kondo effect is only sensitive to anticrossings of states: the upper two states in figure 3(b) do not
anticross with any other state. The strong modulation of the conductance due to an anticrossing
near H, = 3D occurring in figure 4(c), is absent in figure 4(b), where the levels cross due to
the high symmetry, see figure 4(e). One can reveal the symmetry by applying a small transverse
field which mixes the degenerate states. For sufficiently small H, this will first have a drastic
effect on the Kondo effect near all crossings. This indeed happens before the Kondo effect is
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Figure 4. (a)—(c): conductance map as function of the longitudinal field H, and
bias V:(a) S =3/2,and B, =0.1D (b) S =5/2 and B, =0.02D (c) S =5/2
and B, = 0.01D. (d)—(f): Corresponding spectra of the molecular Hamiltonian as
function of the longitudinal field H.. Other parameters: J = 0.15W, D = 10~*W.

suppressed altogether at larger values of H,. In particular, in figure 4(b) a additional modulation
of the Kondo effect will appear for finite H, at H, = 2D, 3D, 4D, whereas in figure 4(a) this
will happen only at H, = 2D. This reveals both the true spin value as well as the symmetry of
the transverse anisotropy.

An even more striking demonstration is the Kondo effect for § = 7/2 around zero-field
in figure 5(a): it is entirely due to the SMM excited states since the transverse anisotropy is
small here, B, < 1.5D/S?. In the weak exchange limit at H, = 0 the Kondo effect is completely
suppressed in accordance with ‘spin-selection rule’ (10) due to the high symmetry and the
incommensurable value of the spin, cf section 3.1. Here J is so large that a Kondo effect due to the
resonant scattering in the excited states is supported. Again the strong modulations of the Kondo
effect at H, = D, 3D are related to the anti-crossings in the spectrum. Finally, figures 5(a)—(d)
show the crossover from a pure high symmetry perturbation (B4 # 0, B, = 0), figure 5(a), to
a pure low symmetry perturbation (B, # 0, B4 = 0), figure 5(d), as we vary B, relative to By.
Already a weak B, < B4S” induces an additional anticrossing at H, = 5D which appears as
a sharp dip in the conductance, see figure 5(b). Further increase of B, > B4;S? results in a
broadening of this anticrossing and the dip, see figure 5(c). The additional strong modulation of
the conductance for H, < 5D is very similar to that in the case of pure low-symmetry shown in
figure 5(d). This crossover may be realized in an experimental set-up by perturbing the molecular
geometry by electric fields or nano-mechanical techniques: starting from a SMM with dominant
high symmetry, one may detect a low-symmetry deformation in the magneto-transport by the
appearance of the new anticrossing at H, = 5D as the ratio B,/ B, is varied. We note that this
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Figure 5. Conductance map as function of the longitudinal field H, and bias V
for § =7/2, B, =0.002D and (a) B, =0, (b) B, = 0.01D, (¢) B, = 0.1D and
(d) for B, = 0, B, = 0.1D. Other parameters: J = 0.15, D = 1074W.

effect is qualitatively distinct from the effect of a transverse field which would also induce
anticrossings at even multiples of D.

5. Berry phase effects on the magneto-conductance

We now consider the dependence of the conductance on a magnetic field with transverse
components. So-called diabolical fields have been at the focus of intense theoretical research
and have been demonstrated experimentally in magnetization measurements [62]. At these field
points, eigenstates of the SMM become exactly degenerate due to a quenching of the spin-
tunnelling by interference involving a Berry phase [1, 63]. In the following, we consider low
symmetry transverse anisotropy for simplicity (B, = 0). For this model, the diabolical magnetic
fields lie in the plane H, = 0 and the other diabolical field components are known analytically
[64, 65]:

H, =M — M’)HZ*,
=M+M —1-2nH], (13)
where M, M'=S5,S—1,...,—S and n=0,1,...,(M+M —1). The scales H} =
V/D? — B} and H* = /2B,(D + B,) are uniquely determined by the anisotropy parameters
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Figure 6. Conductance map as function of the transverse magnetic field H,
and (a) bias V and (b) longitudinal magnetic field H,. (c) Dependence of
the sum of matrix elements Zi:x’y’z |(g|Si|g)|*> on H,, H,. Other parameters:
§$=2,/=02,D=W =108B,.

D and B,. We can therefore focus our discussion on the plane H, = 0 and additionally restrict
our analysis to H,, H, > 0 due to symmetry. In general at a diabolical point multiple pairs
of molecular energy surfaces intersect. For the diabolical points with H, = O the ground state
becomes degenerate, whereas for points with nonzero H, only excitations cross in energy. We now
discuss the effect of the Berry phase associated with interference in the spin reversal. All results
were obtained using the NRG, which allows us to access both the weak and strong exchange
scattering regime.

5.1. Weak exchange scattering

Since we are mainly interested here in the Berry phase modulation, we will restrict our attention to
integer spin S for which the Kondo effect does not develop at H, = H, = 0 in the weak exchange
limit as explained in section 3.1. In figure 6(a), we show the conductance G (V, H,) .o versus the
bias V and the transverse field H, and in figure 6(b) the zero-bias conductance G (H,, H;)|y—o as
function of the longitudinal and transverse fields. The two conductance maps in figure 6 show the
same striking behaviour: although at zero field H, one might expect a nearly constant conductance
due to the absence of a Kondo peak, we instead find a sharp dip at zero bias V or zero field H,.
This central result can be understood by simply considering the cotunnelling transport through
the SMM as follows. The pair of states with lowest energy, labelled g, e, are split in energy by
an amount § since the spin-tunnelling B, couples spin states with opposite magnetization. For
bias V below ¢ the current involves the ground state g only. In lowest order in J the current
is given by the Golden Rule expression for the elastic cotunnelling rate o Zi:x’y, . {glSilg) 2.
This rate vanishes because state g (and also e) are characterized by zero expectation value of the
spin due to the spin-tunnelling which averages out the magnetic moment. Once the bias window
incorporates both states of the pair, nonzero matrix elements (e|S;|g) between the pair of states
lead to a nonzero transport current. Along a similar line one can explain the dip as a function of
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the field H, at zero-bias: when H, reaches the initial splitting 85 —o the coherent superposition
of states with opposite magnetization starts to be significantly modified, thereby enhancing
the current through the ground state g. In figure 6(c) we show the sum of matrix elements
D iex v 1(81Silg) |2, which is responsible for the magnetic field dependence of the Golden Rule
cotunnelling rate, as a function of H, and H.. It indeed captures the essentials of the NRG
result in figure 6(b).

The intrinsic spin-tunnelling on the SMM thus leads to a coherent blockade of transport
at low bias and longitudinal field. The width of the suppressed region gives the tunnel splitting
8 which can be controlled by the transverse field H,. This field modulates the Berry phase
associated with the spin reversal. At the diabolical points on the H,-axis the spin-tunnelling
between the ground-states is quenched by interference. The lowest two states become degenerate
and the dip in the transport closes. In the NRG result a dip of finite width remains exactly at the
diabolical point: this is due to higher-order processes in J not incorporated in the Golden Rule
argument. The oscillations of the conductance dip correspond to the oscillations observed in
time-dependent magnetization measurements which have demonstrated spin-tunnelling effects
on SMM crystals [62]. Our results show that transport measurements can directly probe the Berry
phase of an individual SMM. We point out that no diabolical points with finite H, 2 H (related
to excited states) can be identified in the limit of weak exchange since the H, dependence of
the conductance becomes featureless. We further note that the question has been raised whether
a Kondo effect can occur at the diabolical points [66] with finite transverse magnetic field. In
extensive parameters scans we have found no evidence of this, neither in the NRG level flow nor
in the spectral function.

5.2. Strong exchange scattering

As one increases J towards the strong exchange regime, the small remnant dip in the bias
dependence of the conductance at the diabolical points on the H, = 0 axis broadens until finally
the dip in G(H,, V) —o is completely independent of H, (not shown). In contrast to the weak
exchange limit, figure 6(a), G(H,, V)py o is thus not related to the spin-tunnel gap é due to
the strong exchange coupling. However, the H.-field dependence of the dip in the zero-bias
conductance G (H,, H,)|y—o remains qualitatively the same as in the weak exchange limit (not
shown): similar to figure 6(b) the dip follows the tunnel splitting as one varies H,, allowing all
the diabolical points with H, = 0 to be clearly identified.

Qualitatively new is the appearance of the diabolical points at finite longitudinal fields
H, 2 H?. This is shown in figures 7(a)—(f) for S =1, ...,7/2. Around the diabolical points
the response of the conductance to a change in the magnetic field in the H,, H, plane is highly
anisotropic. This allows these diabolical points to be identified in an experiment. By counting
the diabolical points on the grid (13) and reading off the scales H and H; one can accurately
determine the microscopic parameters S, B, and D of the individual SMM. These points involve
crossings of excited states only: their appearance in the H,, H, dependence of the conductance
unambiguously confirms their importance in the strong exchange regime. Finally, we note that
the enhancement of the conductance on the H, = 0 axis in figures 7(a)—(f) is due to the Kondo
effect. The complicated re-entrant H, dependence was discussed in [36].
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Figure 7. Magneto-conductance map G(H,, H,)y -, for subsequent integer
spins (a) S =1, (b) § =2, (¢) S =3 and half-integer spins (d) S = 3/2, (b)
S =5/2,(c) S =7/2. Parameters: J = 0.15, D = 10~* and W = 10B.

6. Conclusion

In summary, we have demonstrated that in the spin-fluctuation regime, the magnetic properties
of a SMM embedded in an electric circuit show up clearly in magneto-transport measurements.
This includes the strength of the magnetic anisotropy barrier (D), the transverse spin-tunnelling
amplitude (B,, B,), the orientation of the SMM’s anisotropy tensor with respect to the junction
electrodes, as well as the magnetic symmetry related to the molecular spatial symmetry (B, versus
B,4). By combining the magneto-transport measurements with the ability to control molecular
charge state and the total spin S, and possibly, the molecular geometry through a gate electrode
one may gain access to the complete set of microscopic parameters of a SMM transistor.
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