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C O N D E N S E D  M AT T E R  P H Y S I C S

Cooperative and selective redox doping switches 
single-molecule magnetism
Fabian Paschke1*†, Matteo Briganti2*†, Vivien Enenkel1, Tobias Birk1, Jan Dreiser3, Peter Schmitt4, 
Rainer F. Winter4, Federico Totti3*, Mikhail Fonin1*

The controlled manipulation of electronic and magnetic states in single-molecule magnets (SMMs) is crucial for 
their implementation in molecular electronics, spintronics, and quantum computation. In typical SMMs, key prop-
erties like magnetic anisotropy and slow magnetic relaxation are imposed by complex ligand shells, whose bulky 
and three-dimensional structures hamper efficient manipulation of the molecular magnetism by chemical methods. 
This work demonstrates highly selective redox doping of an Fe4 nanomagnet on a Pb(111) surface using lithium 
atoms. Scanning tunneling microscopy, x-ray absorption spectroscopy, and ab initio calculations reveal the coop-
erative incorporation of three Li atoms per Fe4 molecule, resulting in a selective, threefold reduction of its iron-
based magnetic core. The doping modifies the intramolecular exchange interaction, turning from antiferromagnetic 
to ferromagnetic, and changes the molecular magnetic anisotropy from easy-axis to easy-plane. This study dem-
onstrates successful chemical redox doping of individual polynuclear molecular magnets, exploits a rare show-
case of cooperative binding, and highlights a route for tuning magnetic properties of complex SMMs.

INTRODUCTION
Finding molecular systems that use functionalities like a switching ca-
pability is crucial for developing advanced materials and technologies 
at the nanometer scale (1–6). Responsive and adaptive devices such as 
sensors, data storage units, and neuromorphic or energy-efficient 
switches need to allow precise control over molecular degrees of free-
dom (7–9), i.e., by converting external stimuli into predictable read-
out states at the single-molecule scale. Atomic doping of an individual 
molecule can be considered as a cutting-edge alternative “stimulus” to 
the commonly used external mechanical, electric, magnetic, or pho-
tonic triggers (3–5, 10–17). In such a framework, single-molecule 
magnets (SMMs) are key candidates to act as functional units (18–23), 
in which triggers can be transduced into magnetic output. Despite 
their functionality, crucial challenges in the view of future applications 
remain to contact, manipulate, and read out the electronic and mag-
netic states of SMMs on a local scale.

While successful attempts to contact individual SMMs in scan-
ning probe and break-junction geometries have been reported (14, 24–
27), the controlled manipulation of their electronic and magnetic 
properties remains challenging. Recent efforts mainly focused on 
single-ion, paramagnetic compounds of flat geometry (28–34), for 
which electronic doping using alkali metal atoms crystallized as a 
controllable local manipulation technique (28, 30, 32). In these dop-
ing experiments, changes of the crystal field and spin states upon al-
kali metal doping were observed for metal phthalocyanines (MPcs) 
on a Ag(111) surface (30, 32), and quenching of the molecular spin 
after cesium doping was demonstrated in YPc2 (28). Yet, the desired 
properties of SMMs, like inherent magnetic anisotropy and slow 
magnetic relaxation, often rely on a complex three-dimensional ligand 
shell, which complicates investigation on a single-molecule scale for 

several reasons. First, their intricate electronic structure hampers 
the understanding of doping effects; second, these naturally bulky 
compounds lack defined adsorption configurations for the alkali at-
oms; and third, the large ligands shield the spin-carrying centers 
from the dopants. To the best of our knowledge, no attempt has yet 
been reported to implement alkali metal doping for the manipula-
tion of charge or spin states of large, polynuclear SMMs. Few experi-
ments exist that explore alkali metal doping of nonplanar compounds, 
particularly attachment of K and Cs atoms to bulky, albeit nonmag-
netic C60 cages (35–37). In these experiments, doping resulted in 
sample inhomogeneities due to a reorientation of the molecular 
submonolayer, reminiscent of a phase separation (37–40). Further-
more, experiments on planar MPcs have shown that alkali dopants 
typically interact with different ligand sites or the metal ion in a 
nonselective way, due to a lack of well-defined adsorption configu-
rations (30). These previous results show that it is desired, albeit 
challenging, to switch the magnetic properties of SMMs by means 
of chemical doping in a precise, efficient, and reproducible way, 
which altogether sets a high demand on the efficiency of the dop-
ing process.

Here, we present the on-surface doping of a polynuclear SMM 
complex, in which multiple alkali dopants cooperatively bind and 
selectively interact with its magnetic core. The doping process leads 
to only one well-defined doped species and preserves the homoge-
neity and two-dimensional (2D) crystal packing of the SMMs. By 
means of high-resolution scanning tunneling microscopy (STM), 
x-ray absorption spectroscopy (XAS), and density functional theory 
(DFT) calculations, we show that the binding of Li atoms to the 
SMM not only substantially alters its intramolecular magnetic cou-
pling but also has a huge impact on its magnetic anisotropy. The 
SMM of choice is [Fe4(L)2(dpm)6] [where H3L = R-C(CH2OH)3 is 
called tripodal ligand and Hdpm = dipivaloylmethane], referred to 
as Fe4, which represents one of the best-studied, prototypical SMMs 
(41). Its core comprises four high-spin d5 Fe3+ ions, with three of 
them placed at the vertices of an equilateral triangle and enclosing 
another one at the center. The three peripheral ions (Fep) are antifer-
romagnetically coupled with the central one (Fec), giving rise to an 
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S = 5 spin ground state (42). The bulky ligand shell induces an out-
of-plane magnetic anisotropy that is robust against adsorption on 
metal, superconducting, and insulating surfaces (7, 43–51). The 
derivative used in this study—Fe4H—has R = H and is explicitly 
designed to favor a uniform flat adsorption geometry on surfaces 
(48, 49, 52, 53), an important requirement to attain the local res-
olution needed to reveal details of the doping process in STM 
experiments (30).

RESULTS
Cooperative incorporation of Li into Fe4H complexes
Well-ordered Fe4H islands on a Pb(111) surface were obtained by 
the electrospray deposition method (52), while doping was per-
formed by in situ Li evaporation onto the sample (see Materials and 
Methods). Figure 1A shows an STM image of Fe4H complexes after 
co-deposition of Li. The flat-lying molecules are arranged in a bulk-
like hexagonal pattern (52), where undoped complexes can be iden-
tified by their roughly six-pointed-star shape reflecting the six dpm 
ligands (48) (left half of Fig. 1A and fig. S1). Along with the undoped 
species, we observe spherical protrusions, which constitute the same 
hexagonal molecular lattice. The latter species appear only after Li 
deposition and represent Fe4H after spontaneous attachment of n Li 
atoms, named Fe4H-Lin.

To discriminate the electronic structure of both complexes, we 
recorded differential conductance (dI∕dV) spectra (Fig. 1B). Un-
doped Fe4H exhibits pronounced conductance peaks at −3.1 ± 
0.1 eV (referred to as “−1”) and +1.4 ± 0.1 eV (“+1”). They reflect 

elastic tunneling into multiple close-lying highest occupied and low-
est unoccupied molecular orbitals of Fe4H, respectively (48, 52).

The dI∕dV  spectra of Fe4H-Lin substantially differ from the ones 
obtained on the undoped compound. Distinct resonances are num-
bered as introduced above, followed by the superscript “*.” While 
“+1*” lies at +1.9 ± 0.2 eV, two clearly separated peaks appear with-
in the transport gap of Fe4H below the Fermi level (EF, V = 0 V). 
These prominent resonances are persistently observed on all sphere-
shaped molecules at energies of −1.1 ± 0.2 eV (“−1*”) and −2.3 ± 
0.1 eV (“−2*”). See section S2 for scanning tunneling spectroscopy 
(STS) statistics and corresponding discussion.

For the interpretation of STM data and dI∕dV  spectra, we carried 
out periodic density functional theory (pDFT) calculations to model 
Fe4H on a Pb(111) surface as well as Fe4H-Lin/Pb(111) containing 
n = {1,2,3} Li atoms (see Materials and Methods for computational 
details). Apart from the undoped SMM (fig. S1), the geometric 
relaxation of Fe4H-Lin unexpectedly led to a pronounced energy 
minimum formed by the extreme case n = 3. In this configuration, 
that is, Fe4H-Li3, all three Li atoms relaxed inside the molecular 
cage. The corresponding pDFT optimized geometry is depicted in 
Fig. 1C. The Li atoms are incorporated into the three large voids, 
each defined by two dpm units and four alkoxide bridges, and con-
fined to the plane of the Fe ions.

We provide theoretical support for the almost exclusive forma-
tion of Fe4H-Li3 by means of a profound pDFT survey (see Materials 
and Methods). Molecular configurations that we identify as key re-
action intermediates are shown in Fig. 1D and fig. S3. Starting 
from three isolated Li atoms next to Fe4H, the total energy gradually 
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decreases upon their stepwise incorporation into the molecule. We 
observe a first energy reduction if one surface-adsorbed Li atom is 
placed below a peripheral Fe ion. The subsequent optimization leads 
to an uptake of Li toward Fe4H, resulting in a relative minimum at 
which Li is coordinated by two oxygen ions—Fe4H-Li

below. In a 
following step, we slightly displace the Li atom toward the alkoxide 
oxygen bridges, while keeping it below the plane of the Fe ions. The 
subsequent optimization converges to a state at which Li is incorpo-
rated in the molecular void defined by four O atoms (two from dif-
ferent dpm ligands and one from each tripodal ligand)—Fe4H-Li. In 
rare cases, these intermediate states are stabilized within molecular 
islands and can be identified in STM (fig. S4). The total energy de-
creases further when three Li atoms are placed below the peripheral 
Fe ions—Fe4H-Li

below

3
. A last optimization step reveals that this 

state can easily relax, e.g., induced by thermal fluctuations, into the 
configuration at which all Li atoms are incorporated into the voids, 
that is, forming Fe4H-Li3. The pronounced energy minimum with 
three incorporated Li atoms suggests a strong positive binding co-
operativity; that is, binding of n = 3 Li atoms is strongly favored com-
pared to the cases with n = 1 and n = 2. A total energy reduction of 
−7.5 eV suggests that the incorporation of Li is thermodynamically 
favored even at room temperature. Because we explicitly observe only 
two stable configurations, both in experiment and in pDFT model-
ing, we suggest that Fe4H-Li3 is the species observed in STM images 
next to Fe4H, which we corroborate in the following.

Figure 2A displays the calculated total density of states (TDOS) 
of Fe4H and Fe4H-Li3 on Pb(111), projected onto the molecular 
states. Both curves exhibit a pronounced gap around EF, where a 
small contribution originates from the terminating hydrogen on the 
tripodal ligand, which is pointing toward the surface. Besides the 
gap size, the TDOS well resembles the overall spectral shape of the 
dI∕dV  spectra (Fig. 1B).

A good agreement between theory and experiment is further con-
firmed upon the comparison of simulated and experimental STM topog-
raphies, shown in Fig. 2 (B and C, respectively). The corresponding 
energies Esim < 0 and Esim > 0 as well as the bias voltages Vexp < 0 
and Vexp > 0 include the resonances −2*, −1*, +1, and +1* (gray 
backgrounds in Figs. 1B and 2A). In STM images, undoped Fe4H 
always exhibits the typical six-pointed-star appearance owing to the 
six dpm ligands of the ligand shell (48, 52), with less intensity when 
imaged in the gap (left molecule in Fig. 2C, marked in gray). 

Precisely, its symmetry is threefold with a three-pointed star and 
three separated lobes, with the molecules’ chirality (42) imprinted in 
a slight distortion of the star. Fe4H-Li3 exhibits a similar intensity dis-
tribution when imaged at Vexp < 0, confirming its structural integrity 
(right molecule in Fig. 2C, marked in magenta). However, upon 
scanning with Vexp > 0 around +1* (up to +2.5 V), Fe4H-Li3 ap-
pears as a compact threefold symmetric donut-like structure with 
vanishing intensity over the dpm ligands (Fig. 2C). The observed mo-
lecular shapes are well reproduced within calculated Tersoff-Hamann 
images based on the pDFT results (Fig. 2B; see fig. S5 for data at 
different bias voltages). We note that for STM tips with a more blunt 
tip apex, that is, with less lateral resolution (54), the donut-like ap-
pearance manifests itself as spherical protrusion (Fig. 1, A and B), 
which can be well reproduced in the simulations (fig. S5C).

Further compelling evidence for the formation of Fe4H-Li3 is ob-
tained upon comparing frontier molecular orbitals of Fe4H and 
Fe4H-Li3 to spatially resolved dI∕dV  resonances (see section S6). On 
the basis of the comparison of calculation and experiment, we fur-
thermore exclude another possible Li addition scenario, that is, a 
homolytical reaction between Li and the terminating hydrogen of 
the tripodal ligand (section S7).

Its pronounced energetic stability along with the good agreement 
of experimental and calculated STM and STS signatures allow us to 
conclude that Fe4H-Li3 has been formed by the cooperative incor-
poration (55) of three Li atoms into Fe4H on the Pb(111) surface.

Selective redox doping of Fe4H
Figure 3A shows the calculated projected density of states (PDOS) 
of both Fe4H and Fe4H-Li3 on Pb(111). In undoped Fe4H, the “+1” 
peak is dominated by unoccupied 3d states of the three peripheral 
Fe3+ ions. The states on the central Fe3+ ion (named “+2”) are 
slightly shifted in energy and contribute to the subsequent broad 
peak in the TDOS. In Fe4H-Li3, the incorporation of three Li atoms 
causes an effective charge transfer of 1e toward each of the periph-
eral Fe ions. This leads to a lowering of the corresponding states 
below EF, forming −1* in the PDOS (dashed arrow in Fig. 3A) and 
−1* in the dI∕dV  spectrum (Fig. 1B). Each Fep ion in Fe4H-Li3 is 
thus fully reduced to Fe2+. The orbital occupations of the central 
Fe3+ ion do not change, but now, its orbitals appear as a frontier 
peak named “+1*” in the PDOS. In agreement with the shift of 
orbital energies, the spatial distributions of orbitals comprising 
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−1* and +1* well resemble the ones of +1 and +2, respectively (fig. 
S6). While orbitals comprising +1 are localized at the Fep ions with 
contributions on the outer (dpm) ligands, orbitals comprising 
“+1*” are localized at the central Fe ion and have contributions only 
on the central (tripodal) ligands. These spatial differences between 
the frontier orbitals explain the different STM appearances of 
Fe4H and Fe4H-Li3 at Vexp > 0 (Fig. 2C). Because tunneling at volt-
ages around the frontier resonance energy is dominated by transport 
through the frontier orbitals and thus resembles their spatial distribu-
tion, undoped Fe4H is imaged with intensity over the outer ligands 
(resembling +1), while doped Fe4H-Li3 is imaged with intensity 
only over the central ligand (resembling +1*, see section S6 for de-
tails). Summarizing, we thus observe a doping-induced reduction 
from Fe3+ to Fe2+ of the peripheral iron ions, schematically depicted 
in Fig. 3B. The resulting mixed-valence compound (56) Fe4H-Li3 
may therefore be referred to as doped Fe4H SMM.

The incorporation of three Li atoms induces distortions on the co-
ordination geometry of all Fe ions, which becomes apparent in a slight 
positional change of the alkoxide and ketoenolate bridges (marked 
by asterisks for a single Li pocket in Fig. 3B). In undoped Fe4H, all Fe 
ions reside in an octahedral crystal field slightly distorted toward a 
trigonal antiprism (42) that leads to well separated t2g and eg orbitals in 
the pDFT calculation (Fig. 3C). The mean crystal field splitting pa-
rameter amounts to 10Dq ≈ 1.5 eV, close to values observed in other 
Fe4 derivatives, both on surfaces and in the gas phase (42–45). On the 
central Fe3+ ion in Fe4H-Li3, 10Dq increases by 40% while keeping 
the octahedral environment intact. This changes for the peripheral 

iron ions, where the switch to Fe2+ is accompanied by an asymmetric 
expansion of the Fep-O distances to the oxygen ions that are involved 
in the coordination of Li+. Such a blossom-like expansion stabilizes 
the dx2−y2 and dxy orbitals with respect to dz2 and dxz/dyz, respectively 
(Fig. 3C; for the local reference frame of Fep, see fig. S8). The splitting 
of Fe2+

p
 can be mimicked by a local D4h symmetry, and corresponding 

values of Dq, Dt, and Ds are listed in table S1.
To experimentally access the electronic state of the doped complex, 

we use synchrotron-based XAS and x-ray magnetic circular dichro-
ism (XMCD) experiments (43, 57). The top curve in Fig. 3D shows 
an XAS spectrum recorded on an undoped submonolayer of Fe4H 
on Pb(111). The spectral features are in perfect agreement with pre-
viously reported results for surface-adsorbed Fe4H (48, 53) and 
other Fe4 derivatives (7, 43–47, 50, 51), and imply an intact S = 5 
spin ground state that originates from a ferrimagnetic spin align-
ment between the spins of the Fec and Fep ions (see section S9 for 
further data and discussion). The experimental curve can be well 
reproduced by simulating the XAS spectrum of a pure Fe4H sample 
(central curve in Fig. 3D). Artificially increasing the amount of Fe2+ 
and using the pDFT calculated crystal field parameters to model the 
XAS signature of doped Fe4H-Li3 results in a strongly reduced L3 
subpeak ratio along with the emergence of an intermediate peak 
(bottom curve in Fig. 3D). The XAS spectrum of a mixed submonolayer 
of Fe4H and Fe4H-Li3 will show a superposition of these two 
curves, with its L3 subpeak ratio being a reasonable measure for the 
amount of Fe4H-Li3 complexes in the sample (see section S10 for 
computational details).
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Using STM and by counting doped complexes on a large number 
of molecular islands, we determine relative amounts of Fe4H-Li3 for 
different amounts of co-deposited Li (section S11). For low amounts of 
Li that correspond to ≤60% of Fe4H-Li3 in the sample, only few mo-
lecular fragments can be found on the surface, and molecular is-
lands remain widely intact (fig. S11). For larger amounts of Li, we 
observe substantial molecular fragmentation, in contrast to experi-
ments on single-ion complexes carried out at the saturation limit 
(32). This allows us to record a series of XAS spectra with relative 
amounts of 0%, 30 ± 10%, and 60 ± 10% of Fe4H-Li3 in the sub-
monolayer (top curves in Fig. 3E). Along with the growing relative 
amount of Fe4H-Li3, we detect a gradually increasing subpeak ratio 
of 0.4→ 0.5→ 0.6, a slight broadening at the curve’s base, and a de-
creasing depth of the dip in between the two L3 peaks. The spectral 
evolution can be well reproduced by a linear superposition of the 
calculated XAS spectra of Fe4H and doped Fe4H-Li3 (Fig. 3D) if we 
assume 0, 30, and 60% of all molecules to be doped with three Li 
atoms (lower curves in Fig. 3E). We thus conclude that the observed 
oxidation state change reflects the increasing number of Fe4H-Li3 
complexes in the sample, with each consisting of one Fe3+ and three 
Fe2+ ions as suggested by the previous STM/pDFT analysis.

Switch of the single-molecule magnetism upon Li doping
The impact of threefold Li doping on its electronic structure comes 
along with profound implications on the molecular magnetism of 
the Fe4H SMM. In Fe4 SMMs, the four Fe3+ ions (S = 5

2
) interact via 

superexchange (J) mediated by the alkoxide bridges (Fig. 4A) (42). 
Its magnetic ground state can be well described by two antiferro-
magnetic coupling constants J > 0: a dominant one acting between 
the three peripheral and the central iron spins (J1) and a substan-
tially smaller one connecting the peripheral iron spins (J2). This ren-
ders a total spin ground state of S = 5 in pristine Fe4H and related 
Fe4-based derivatives (41, 52), which has been shown to be widely 
robust upon surface adsorption (7, 25, 48, 50) and incorporation into 
three-terminal devices (27).

Our pDFT calculation of Fe4H/Pb(111) corroborates these find-
ings and reveals an increase of J1 of 35%, driven by a combination of 
a growing Fep-O-Fec angle (102.86◦ → 103.85◦) and a decreasing γ 
pitch (25, 58, 59) upon surface relaxation. The degeneracy of the 
spin ground state manifold is lifted by the molecular ligand shell, 
modeled to first order using the effective spin Hamiltonian (60) 
̂

ZFS
= DŜ

2

z
. D denotes the magnetic anisotropy and is essential for 

the definition of SMMs. Its sign determines a magnetic easy-axis 
(D < 0) or easy-plane (D > 0) behavior. For Fe4H/Pb(111), we cal-
culate DDFT = −0.32 cm−1 with a magnetic easy-axis pointing or-
thogonal to the plane of the four iron atoms (top panel in Fig. 4B). 
This denotes a slight reduction with respect to the bulk value (52), 
caused by structural relaxation of the Fe2O2 helical pitch (61), and 
can be assessed experimentally by means of an XMCD experiment 
(62). The top panel in Fig. 4C shows magnetization curves measured 
on an undoped sample with the magnetic field applied in two direc-
tions (see Materials and Methods for details). A larger magnetic mo-
ment in the out-of-plane direction as compared to grazing angle 
indicates a net magnetic easy-axis along the surface normal. In com-
bination with the uniformly flat-lying adsorption configuration ob-
served in STM, we suggest that this holds for every complex on the 
sample as observed on other surfaces (48, 53). Fitting the XMCD 
curves to DŜ

2

z
+ gμBBŜ and using S = 5 reveals a magnetic anisot-

ropy of Dexp = −0.39 ± 0.03 cm−1, which reflects a slight absolute 
reduction compared to the bulk value (52) in line with the pDFT 
prediction. This finding confirms the robust nature of the magnetic 
core of Fe4H upon adsorption on metal surfaces (63).

The reduction of the Fep ions upon Li attachment results in a re-
spective spin state change to S∗

p
= 2 (Fig. 4A). Keeping the exchange 

interactions unaltered would thus result in a S∗ = 7∕2 spin ground 
state of Fe4H-Li3. Our pDFT survey suggests two major changes of 
the molecular magnetism in the Fe4H-Li3 complex. First, the 
dominant exchange coupling J∗

1
 not only decreases upon Li incorpo-

ration, but also switches its sign from an antiferro- to a ferromagnetic 
interaction (J∗

1
< 0) (see Fig. 4A). The antiferromagnetic next-nearest 
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(B) pDFT calculated zero-field splitting of the spin ground states of Fe4H (top) and Fe
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3
 (bottom). Arrows indicate further states above 1 meV outside the diagram. 

Insets visualize out-of-plane (red arrow) and in-plane (red disk) magnetic anisotropy. (C) XMCD magnetization curves (data points) obtained on undoped Fe4H/Pb(111) 
(top) and a partially doped sample with roughly 30 ± 10% of Fe

4
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3
 complexes (bottom). T = 3 K, dB/dt = 2 T/min. Solid lines in the top panel denote a fit to DŜ

2

z
+ gμBBŜ. 

Solid lines in the bottom panel refer to a simulation using the fitted D for Fe4H, the calculated D∗ and S∗ for Fe
4
H-Li

3
, and an amount of 30% of Fe

4
H-Li

3
 in an otherwise 

undoped ensemble of Fe4H. See fig. S12 for simulated curves at 60 and 100% of Fe
4
H-Li

3
.
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neighbors interaction, J∗
2
, stays roughly unaltered, as can be seen in 

Table 1. As reported previously (58, 64), sign and magnitude of the 
exchange constants strongly depend on the Fep-O-Fec angle. In our 
optimized geometries, this angle changes from 103.85° in Fe4H to 
99.37° in Fe4H-Li3. For Fe2+-Fe3+ dimers, angles above 100° favor an 
antiferromagnetic interaction, while a ferromagnetic exchange was 
predicted for angles below roughly 100° (65, 66). Furthermore, the 
mixed-valence nature of Fe4H-Li3 renders the total magnetic behav-
ior a superposition of exchange and double exchange interactions, 
of which the latter are always ferromagnetic (65, 67). Both the de-
creasing Fep-O-Fec angle as well as the oxidation state change thus 
favor an overall ferromagnetic behavior for Fe4H-Li3, which explains 
the observed inversion.

Second, the pDFT results suggest the magnetic anisotropy to 
evolve from an easy-axis to an easy-plane configuration expressed by 
D∗ > 0 along with an absolute decrease of around 30% with respect 
to D of undoped Fe4H (see Table 1 and Fig. 4B). The change is driven 
by a variation of the local anisotropies of the Fep ions, which change 
from an easy-axis to an easy-plane type magnetic anisotropy (values 
are collected in table S2). This gets as well apparent from the change 
of the overall spatial orientation of the 3d orbitals of Fep (fig. S6). For 
Fec, no substantial orbital changes are observed upon Li doping.

Figure S12 displays simulated magnetization curves for different 
relative amounts of Fe4H-Li3 in a sample of Fe4H. The sign switch of 
D results in a reduction of the total magnetic anisotropy in mixed 
submonolayers of Fe4H and Fe4H-Li3, followed by a reversal of 
out-of-plane and in-plane magnetization magnitudes in M(B) in a 
fully doped sample. While the latter cannot be realized in our experi-
ment due to substantial molecular defragmentation, we acquire 
XMCD magnetization curves on a sample with 30 ± 10% of Fe4H-Li3 
complexes in an otherwise undoped submonolayer (see bottom pan-
el in Fig. 4C). The saturation magnitude decreases due to a reduced 
XMCD signal of Fe4H-Li3 at the L3 edge (figs. S9 and S12) and the 
area between the two curves is substantially smaller compared to the 
measurement on the undoped sample. This finding is in good agree-
ment with the simulation that assumes 30% of Fe4H-Li3 in the sample 
(solid lines in Fig. 4C; see also fig. S12), supporting a reduction of 
the total magnetic anisotropy.

DISCUSSION
The cooperative (or allosteric) binding (55) of three Li atoms to Fe4H, 
via less stable intermediates, is particularly remarkable. A simultaneous 

inclusion of two or more guest molecules to a multitopic host was 
found to be involved in efficient catalytic transformations (68), in 
host-guest chemistry (69, 70), and in transport processes like oxygen 
transport by the Heme system (71). However, cooperative binding of 
more than one metal ion into available pockets of a polynuclear metal 
complex has been rarely reported (72), and its characterization on a 
single-molecule level has remained elusive. In our study, coopera-
tive Li inclusion selectively reduces all peripheral Fe3+ ions to Fe2+, 
which demonstrates chemical redox doping of a polynuclear SMM.  
The process preserves the 2D crystal packing and we do not observe 
phase separations as reported for C60 experiments (36–40). It induces 
only small modifications on the molecular geometry, but with substan-
tial changes on the single-molecule magnetism of Fe4H. The intramo-
lecular exchange interaction between the iron spins switches from an 
antiferro- to a ferromagnetic coupling and the magnetic anisotropy 
from an easy-axis to an easy-plane configuration.

Previous attempts targeting the manipulation of magnetic prop-
erties in polynuclear SMMs on the one hand focused on gate-
induced doping of Fe4 complexes in break-junction experiments. 
For both oxidation and reduction of Fe4, they revealed a slight en-
hancement of D (27, 73), and respective DFT calculations suggested 
a spin ground state of S = 9

2
 for both cases (74). On the other hand, 

the Fep-O-Fec angle in Fe4 could reversibly be compressed by an STM 
tip, leading to a temporal increase of the intramolecular exchange in-
teraction (25). In stark contrast, and not limited to Fe4 complexes, our 
results propose chemical redox doping as an efficient tool for a univo-
cal and selective manipulation of both oxidation and spin states in 
specifically tailored SMM complexes. For example, synthetic strate-
gies can take single ion reactivities into account, or target a positive 
binding cooperativity that then allows for efficient self-driven, multi-
ple alkali doping.

We emphasize that the manipulation of the electronic and mag-
netic structure in Fe4H-Li3 so far is of permanent nature, as a conse-
quence of the large energy stabilization when Li is incorporated into 
the Fe4 skeleton. In our experiments, the application of voltage puls-
es did not induce any changes up to voltage values at which the 
molecules deteriorate. A stable binding of the Li ions into three 
equivalent adsorption sites stays in sharp contrast to previous ex-
periments performed on single-ion MPcs (30, 32), in which dopants 
can switch between multiple different interaction sites due to the 
planar molecular geometry (32, 75). The character of an effective 
atom trap could be interesting for molecular sensing applications or 
magnetic switches that rely on magnetic readout. In this regard, 

Table 1. Magnetic properties of Fe4H and Fe
4
H-Li

3
. J > 0 and J < 0 describe an antiferro- and ferromagnetic exchange interaction, respectively. E denotes the 

transversal term in the effective spin Hamiltonian (60). The total anisotropies D were calculated from single-ion anisotropy tensors (corresponding D values in 
table S2) and projection coefficients (table S4) for each Fe ion.

This work

Fe4H bulk Fe4H/Pb(111) Fe
4
H-Li

3
/Pb(111)

Exp. (52) pDFT Exp. pDFT

 (cm−1)   J
1
   +16.9 +23.7 ± 1.0 ﻿ −13.1 ± 2.3

  J
2
   +0.95 +1.60 ﻿ +1.97

﻿D﻿ −0.427 −0.316 −0.39 ± 0.03 +0.219

﻿E﻿ ﻿ −0.017 ﻿ −0.012

﻿ ﻿S﻿ 5 5 5 17/2
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further investigations of the binding dynamics, i.e., by supplying Li 
at low temperatures and doping of different Fe4 derivatives or other 
polynuclear SMMs, are of particular interest. The permanent nature 
of the doping could also be altered by exploring larger alkali metals, 
e.g., Na or Cs atoms. A combination with in-depth magnetic studies 
using STM (25, 33, 49), XMCD (50), or Mössbauer spectroscopy 
(76) could provide guiding principles for synthetic procedures that 
tailor the reactivity of molecular binding sites like the molecular 
voids in Fe4H.

Follow-up studies on Fe4H-Li3 might encompass the local inves-
tigation of its inter-multiplet spin state transitions and magnetic an-
isotropy (25, 49) using the spectral resolution and spin sensitivity of 
a superconducting (33) or a functionalized STM tip (77), respec-
tively. Driving low-energy intra-multiplet transitions would allow to 
track the switch of the magnetic anisotropy upon doping, and ESR-
based measurement schemes are expected to distinguish the ground 
states ms of neutral and doped species (78).

Our work pictures an unusual result of an exceptional well-
defined local manipulation of molecular magnetism. This is achieved 
by cooperative and highly selective chemical redox doping of one of 
the most archetypal SMMs. The results propose atomic doping as a 
feasible way to controllably switch the properties of polynuclear mag-
netic complexes that comprise bulky and functional ligand groups.

MATERIALS AND METHODS
STM experiments
Samples were prepared in situ for all experiments. The Pb(111) single 
crystal (Surface Preparation Laboratory B. V.) was cleaned by repeated 
cycles of Ar+ sputtering at 1.5 kV and annealing in ultra-high-
vacuum (UHV) up to 215°C. Electrospray deposition of Fe4H was 
performed as described elsewhere (52, 79, 80). Li deposition was 
performed by thermal evaporation from alkali metal dispensers 
(SAES Getters), while the sample was held at room temperature. The 
deposition rate was determined using a quartz microbalance cali-
brated by STM. Further details about the preparation can be found 
in section S13.

STM and STS experiments were performed in a two-chamber 
UHV system (base pressure 5 × 10−11 mbar), equipped with an 
Omicron Cryogenic-STM. The STM was operated at temperatures 
of 2 to 5 K. All STM measurements were carried out in the constant-
current mode using grinded and polished PtIr tips (Nanoscore 
GmbH). The sign of the bias voltage V corresponds to the potential 
applied to the sample so that V > 0 denotes tunneling into unoccu-
pied states of the sample. I(V) spectra were numerically differenti-
ated and normalized to the I/V signal (81). The BCS gap of Pb(111) 
(around 1.2 meV) is not resolved in the dI∕dV  spectra because of 
the large measurement range (V = ±2.5 V), which implies that the 
tunneling current around EF is too small to generate a measurable 
dI∕dV  signal. The amount of doped Fe4H-Li3 complexes for each Li 
coverage was estimated by counting molecules on a large number of 
molecular islands of varying sizes and shapes (see section S11 for 
more details).

XAS/XMCD
XAS and XMCD experiments were performed at the X-Treme 
beamline (82) of the Swiss Light Source at the Paul Scherrer Insti-
tute. The XAS signal was acquired in the total electron yield mode, 
with an applied magnetic field B being aligned antiparallel to the 

x-ray beam and forming an angle θ with respect to the sample sur-
face normal. We used a defocused x-ray beam to minimize the pho-
ton flux. Accordingly, no substantial beam damage has been observed 
in the spectra throughout the measurements. XAS spectra were re-
corded at the Fe L2,3 edges and normalized to their average L3 peaks’ 
intensities. The XAS was calculated as 

(

σ++σ−
)

, and the XMCD was 
calculated as 

(

σ+−σ−
)

∕
(

σ++σ−
)

, where σ+ and σ− denote the XAS 
signals obtained with left- and right-hand circularly polarized light, 
respectively. Magnetization curves were acquired by tracking XMCD(B) 
at the L3 edge (708.5 eV). XAS and XMCD data acquired before each 
magnetization curve are shown in fig. S9. Simulation details of XAS/
XMCD spectra and magnetization curves can be found in sections 
S10 and S12, respectively.

Computational details
The CP2K 6.1 quantum chemistry software (83) was used for all pDFT 
calculations. The RevPBE functional (84, 85), along with rVV10 em-
pirical dispersion corrections (86), were used in all simulations. 
Norm-conserving Goedecker-Teter-Hutter pseudopotentials (87) and 
double zeta basis sets with polarization functions (DZVP-MOLOPT-
SR) were used for all atoms. The cell parameters were kept fixed through-
out the optimizations. The plane-wave cutoff value was set to 400 Ry. 
The wave function convergence threshold (EPS_SCF) was set to 
1.0 × 10−6 Hartree, while the maximum force for the geometry op-
timization was set to 4.5 × 10−3 a−1

0
 Hartree, where a0 is the Bohr 

radius. A self-consistent field (SCF) diagonalization method was ap-
plied, which adds an electron smearing of the molecular orbital oc-
cupation numbers with a Fermi-Dirac distribution at 1500 K. The 
energies of the potential energy surface landscape were obtained by 
performing an orbital transformational SCF on the optimized ge-
ometries. Further details can be found in section S14.

Supplementary Materials
This PDF file includes:
Figs. S1 to S14
Tables S1 to S4
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