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ABSTRACT: The magnetic properties of transition-metal ions are
generally described by the atomic spins of the ions and their exchange
coupling. The orbital moment, usually largely quenched due the
ligand field, is then seen as a perturbation. In such a scheme, S = 1/2
ions are predicted to be isotropic. We investigate a Co(II) complex
with two antiferromagnetically coupled 1/2 spins on Au(111) using
low-temperature scanning tunneling microscopy, X-ray magnetic
circular dichroism, and density functional theory. We find that each
of the Co ions has an orbital moment comparable to that of the spin,
leading to magnetic anisotropy, with the spins preferentially oriented
along the Co—Co axis. The orbital moment and the associated
magnetic anisotropy is tuned by varying the electronic coupling of the
molecule to the substrate and the microscope tip. These findings show the need to consider the orbital moment even in
systems with strong ligand fields. As a consequence, the description of S = 1/2 ions becomes strongly modified, which have
important consequences for these prototypical systems for quantum operations.
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depends on the atom coordination and rapidly
quenches to the negligible values in bulk.' The
magnetic properties of solids and molecules are therefore
mainly determined by the atomic spins and their exchange
coupling. The effect of the remaining orbital moment may be
treated as a perturbation and is at the origin of magnetic
anisotropy, which has been extensively studied for atoms and
clusters on surfaces.” ® The magnetic properties of atoms are
consequently often modeled with a spin Hamiltonian that
predicts the absence of magnetic anisotropy for spin-half ions.
Liu et al.” and Whangbo® et al. used density functional
theory calculations to analyze the magnetic anisotropy of spin-
1/2 Cu®" ions in crystals and suggested that previous
interpretations of the anisotropy in terms of anisotropic
exchange coupling or magnetic dipole—dipole interactions
were not complete. They rather emphasized the importance of
spin—orbit coupling. Exchange coupling in crystals can be
complex and consequently it is desirable to investigate the
magnetic anisotropy of two exchange-coupled spin-1/2 ions in
a fairly simple ligand field. Dinuclear (or polynuclear)
molecular compounds, which are intensively investigated in
the gas-phase,””"” may serve as model systems. Deposition of

T he orbital momentum of transition metal ions strongly
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such complexes on surfaces has so far led to fragmentation
or to apparent quenching of the internuclear exchange
coupling because of excessive interaction with the sub-
strate.'°”'® Magnetic excitations have been observed for
bulky three-dimensional Mn,;, and Fe,'”*° complexes on
ultrathin insulator layers.

We report on the planar dicobalt complex CyHgsCo,N,O,
(di-Co, Figure 1a) composed of two spin-1/2 ions adsorbed on
Au(111). Combining STM, X-ray magnetic circular dichroism
(XMCD), and density functional theory (DFT), we show that
each of the two Co ions has an orbital moment of similar
magnitude as the spin moment. This orbital moment, through
spin—orbit coupling, causes magnetic anisoptropy. The spins
within this complex are antiferromagnetically coupled and
oriented along the Co—Co axis. We further observed that the
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Figure 1. Structure and self-assembly of di-Co on Au(111). (a)
Scheme of the investigated di-Co complex. (b) Constant current
topograph (0.1V, 50 pA) of di-Co on Au(111) exhibiting a large
island with a regular arrangement of the molecules along with
uncovered Au areas (dark). The lower left inset shows the color
scale used throughout the manuscript. (c) Detailed image of the
molecular arrangement (0.1V, SOpA). The indicated unit cell
contains two molecules. The primitive vectors (lengths 3.55 and
2.44nm) enclose an angle of 90°. The substrate directions [110]
(densely packed, oriented along the herringbone reconstruction),
and [112] are indicated with arrows. Two di-Co are overlaid to
better visualize the organization of the molecules (dark blue: Co,
light blue: N, red: O, brown: C, and pink: H). (d) STM topograph
and (e) simulation based on DFT calculations at a sample voltage
of 2.0 V. At this voltage, an intramolecular pattern is visible at the
center of the molecule.

magnetic anisotropy of the system may be tuned by varying the
electronic coupling of the Co(II) ion with the substrate
through manipulation of peripheral tert-butyl groups or by
reducing the tip-molecule distance.

RESULTS AND DISCUSSION

Self-Assembly on Au(111). The complex di-Co is
comprised of two Co(salophen) subunits connected by a
shared phenyl ring (Figure la). Eight tert-butyl moieties are
located at the periphery of the complex to obtain a degree of
decoupling from the substrate.”**

On Au(111), the complex self-assembles into a well-ordered
pattern (Figure 1b) with a rectangular unit cell that contains
two molecules (Figure 1lc). The most prominent image
contrast is caused by the bulky tert-butyl subunits (see overlaid
molecules in Figure 1c) in agreement with DFT calculations.
At a sample voltage of 2.0V, a pattern is visible at the center of
the complexes, which is reproduced in the simulated image
(Figure 1d,e). Using the C, axis of the molecule that is
perpendicular to the line connecting the Co(II) ions to define
the orientation of the molecule, we observe that the molecules
enclose angles of &~ +35° with respect to one of the dense
directions of the Au substrate ([110] and [112]).

Magnetic Properties. Solid-state susceptibility measure-
ments of di-Co powder using a superconducting quantum
interference device (SQUID) have been reported by
Shimakoshi et al.** The data indicate that the Co(II) ions
each carry a spin 1/2 and couple antiferromagnetically. An
exchange energy, defined as the energy difference between the
singlet and triplet states, of 2.5 meV was inferred from the data.

Differential conductance spectra of di-Co on Au(111)
exhibit marked steps at [Vl & 9mV (with variations of +2
meV from molecule to molecule using similar tunneling
conditions), symmetric about the Fermi level at V = 0 (Figure
2a). These steps are only visible in spectra taken in the vicinity
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Figure 2. Magnetic excitations of di-Co. (a) dI/dV spectrum (dots)
acquired atop a Co(II) ion exhibiting pronounced steps at V ~ 9
mV, ascribed to magnetic excitations. The experimental data are
essentially reproduced with the Hamiltonian of eq 2 including
thermal broadening (dashed-dotted red line J = 3meV, { = —8.2
meV). The white dot in the inset indicates the position at which
the spectrum was acquired. The current feedback loop was
disabled at V = 30 meV and I = 500 pA. Evolution of (b) {g,,)
and (c) (o) with temperature (black dots) as inferred from
XMCD spectra on di-Co powder. The dashed red and blue lines
are angle-averaged simulations with and without spin—orbit
coupling (Supporting Information Section 3). The simulations
without spin—orbit coupling (blue) were done with J] = 9meV,
which matches the energies of the steps in (a). For better
visualization, the red lines have been multiplied by a factor of (b)
0.6 and (c) 0.45, while the blue line has been multiplied by 6. The
retrieved (i,,,) are known to be affected by a magnetic dipole
term (ignored here). The model considers states with g, = + 1y
for each Co ion, which is here effectively scaled down to orbital
moments of 0.45 py.

of the Co ions (Supporting Information Section 6). The
magnetic origin of the steps is confirmed by their conversion
into a Kondo resonance upon particular manipulations of the
complex as described below. Singlet—triplet transitions of
molecules on surfaces have been previously reported, involving
the spins of organic compounds,”* ™" the spin of a metal
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center coupled to that of a ligand,”® the spins of separate
molecules,” and the spins of different shells on the same
atom.” Magnetic excitations of single molecular magnets on
insulating surfaces, where several metal atoms are connected
through oxygen atoms, have been observed as well.'”*
Therefore, the steps in the dI/dV spectrum may, at first
glance, be interpreted as being due to singlet-to-triplet
excitations with an exchange energy of ~#9 meV. However,
this energy is much larger than values from solid-state
measurements (2.5 meV). This discrepancy indicates that
further ingredients may have to be considered.

We performed additional X-ray magnetic circular dichroism
(XMCD) measurements (see the “Methods” section) on
powder samples, which allow us to separate the spin and
orbital contributions to the magnetic moment. XMCD
combined with sum rules’’ ~** essentially gives the average
projection of spin (g,) and orbital (u,,) moments per
Co(II) ion onto the axis of photon-incidence, along which the
magnetic fleld is applied. These data, acquired under a
magnetic fleld of 6.8 7T, are shown in Figure 2b,c for
temperatures between 2 and 140K. The evolution of the
spin moment with temperature is not compatible with that of
two coupled spins with an exchange energy ] = 9 meV (dashed
blue data). Instead, as shown in the Supporting Information
Section 1, the experimental data can be reproduced by
considering an exchange energy of 1.3 meV. This value is only
half that inferred from the SQUID measurements (2.5 meV)
performed under a substantially smaller field of 50 mT.** The
apparent discrepancy of the exchange energies again suggests
that the underlying assumption of coupled spins is insufficient,
despite the fact that it leads to fairly good fits of the
experimental data.

In addition, the XMCD data reveal a sizable orbital moment
of up to ®0.15 pup per Co ion with a strong temperature
dependence (Figure 2c). This value represents a lower bound,
because XMCD only gives the average projection of the orbital
moments along the magnetic-field direction. Importantly, the
orbital moment is comparable to the spin moment and can
consequently not be neglected. For comparison, an orbital
moment of 0.3 uy is inferred from our DFT calculations. This
is again a lower bound as DFT typically underestimates orbital
moments.”* For di-Co adsorbed on Au(111), an orbital
moment between 0.1 and 0.3 5, depending on the direction of
the applied field, is inferred from XMCD (Figure S2), and
DFT calculations indicate an orbital moment of =0.3 .
Similar magnitudes of spin and orbital moments are found for
di-Co powder and di-Co/Au(111) indicating that the magnetic
properties of di-Co are not significantly affected by the
adsorption. This is corroborated by essentially identical X-ray
absorption spectra for di-Co powder and di-Co/Au(111)
(Figure S2).

As a consequence of the nonzero orbital moment, the spins
of the Co ions, coupled to the orbital moments through SOC,
are expected to exhibit anisotropy. This is confirmed
experimentally by XMCD measurements of a di-Co monolayer
on Au(111). A field of 5T at 1.5K is insufficient to turn a
detectable fraction of the spins out of the surface plane ( (Hspin)
~ 0, Supporting Information Section 2). In contrast,
measurements at an incidence angle of 60° between the X-
rays and the surface normal give (u,,) ~ 0.2 up. These
measurements show that the spins are preferentially oriented in
the molecular plane, which is consistent with our DFT
calculations including spin—orbit coupling. The configuration

with spins aligned along the axis connecting the two Co ions
(red arrows in Figure 3a,b) is &4 meV lower in energy than
the configurations with spins aligned along perpendicular
directions (green and blue arrows in Figure 3a,b).
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Figure 3. Magnetic anisotropy and origin of the orbital moment.
(a) Top and (b) side views of a di-Co complex. According to our
DFT calculations in the gas-phase with spin—orbit coupling, the
spin configuration shown with red arrows (along the x axis) is 3.58
and 3.77 meV lower in energy than the green (y axis) and blue (z
axis) configurations, respectively. Comparable values of 4.17 and
3.08 meV are found for the molecule adsorbed on Au(111). (c)
Density of states projected on the d orbitals of the lower Co ion in
(a) inferred from our DFT calculation without spin—orbit
coupling (U, = 0). The PDOS of the other Co ion is similar to
an opposite spin polarization (not shown). (d) Energy diagram of
the d orbitals obtained upon hybridization and shift of II, m) states
(left). The parameters have been adjusted to approximately
reproduce the PDOS. SOC hybridizes orbitals (dotted lines) and
induces small energy shifts. These calculations predict an orbital
moment of 1.1 yy for the singly occupied d,, orbital. The colors of
the solid lines indicate the dominant character of the orbital
following the legend of (c), while dotted lines highlight admixing
of additional orbitals. For clarity, only the largest admixings are
represented.
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Having found sizable orbital moments for di-Co in powder
samples and adsorbed on Au(111), we next discuss their
microscopic origin. The orbital moment of metal—organic
compounds is usually quenched by the ligand field. An electron
in, e.g, a pure Id ) =i(2, -1) + 12, +1))/v2 orbital
(represented as |, m) with | and m being the azimuthal and
magnetic quantum numbers) or in a pure
Id.) = (12, =1) — 12, +1))/~/2 orbital is expected to have
an orbital moment of zero ((d.IL.Id,,) = (d.ILId,) = 0).
However, if Id,,) and Id,.) states are rmxed e.g., because they
are degenerate or through SOC,* then the eigenfunctions are
no longer pure Cartesian orbitals. The occupation of
—(ld,,) + ildyz))/\/— =12, +1) would for instance provide

an orbital moment of 1y along the quantization axis z. A
concomitant occupation of the state

(Id,,) — ildyz))/\/— =12, —1) would add an additional mo-

ment of —1 yip, thereby quenching the total orbital moment.
Similar conclusions can be drawn for the mixing of the d,, and
d,2_,» orbitals, which are linear combinations of the 12, +2) and

[2, —2) states.
The situation is more complex when the spin quantization
axis z' does not coincide with the z axis of the molecule. In

such cases, the spin—orbit Hamiltonian can be rewritten as

1 A1 ;o
Hgo = Eg‘[2§z,(lz + er e sin® +1_e? sin 0]

A A 0 - , 0
+ @r(—lzsin 0—1e ® sin® > +1_ e cos 5)

+ 5 ( l sm9+l e coszg - lA_ei{/'sinZQ)]
2 2

(1)
where lz, L, and | _ (5,8, and §_) are the z (z’) component
and the ladder operators of the orbital (spin) momentum, { is
the spin—orbit constant, and € and ¢ are the polar and
azimuthal angles giving the orientation of z’ in the (x, y, z)
coordinate system used to describe the orbital. In the present
case, the z axis of di-Co is perpendicular to the molecular
plane, while the spin axis appears to be along x (Figure 3a)
such that @ = 7/2 and ¢ = 0. Under these conditions, SOC
mixes orbitals whose I, differ by one (Al, = 1). For example,
SOC hybridizes the d,, and d,> orbitals leading to an orbital
moment along x. The degree of hybridization and hence the
magnitude of the moment scales with { and inversely with the
energy splitting between the d,, and d,» orbitals.

In the following, we consider the impact of Hgp on di-Co.
DFT calculations (gas-phase molecule, U4 = 0, and without
SOC) find each Co atom in a 4s*3d’ configuration with a
projected density of states PDOS shown in Figure 3c. We then
construct a Hamiltonian Hyy, in a I, m, s,) base, which
hybridizes and shifts |}, m, s,) states with parameters adjusted
to approximately reproduce the PDOS (left diagram in Figure
3d). The eigenstates of Hyy, + Hgo are shown in the right part
of Figure 3d. SOC induces small energy shifts and hybrid-
ization (indicated with dotted colored lines) of the states. For
example, the dT orbital, upon SOC becomes approximately |

dl)soc = 0. 941d 1) + 0. 281|dT) - 0.16ildL) + 0.11ild],_ ) with
a substantial orbltal moment u, = 1.1 g (colhnear with the
spin). We used { = 65 meV as reported for Co(II) ions.*>””

The compositions and orbital moments of the other orbitals
are given in the Supporting Information Section 4. The
occupation of other orbitals (7 in total) decreases the total
orbital moment to 0.38 . This value is in line with the one
given by DFT directly (0.3 ug). Our calculations show that a
large energy splitting due to a ligand field does not necessarily
quench the orbital moment.

Having confirmed a significant orbital moment on each Co
atoms and explained its origin, we construct a single-electron
Hamiltonian to describe the coupling between the two Co
atoms in the di-Co molecule that takes into account the effect
of the orbital moment and reproduces the experimental data:

H=J35,+ é‘(l}s} + i2-§2) - P‘B[i1 + iz + gs(gl + §z)]'§

)

where the indices 1 and 2 refer to the Co ion sites, ] is the
exchange-coupling constant, g, the g-factor of the spin, and B is
the external magnetic field. The second term of the
Hamiltonian describes spin—orbit coupling of collinear orbital
and spin moments (both appear to be along the x axis of the
molecule). The third term describes the Zeeman energy due to
the interaction with the external magnetic field. A number of
simplifications are made to reduce the complexity of the
model: (i) We use a single-electron Hamiltonian instead of
handling the 7 d-electrons per Co ion, such that Coulomb
repulsion and correlations are not taken into account. (ii) We
solely consider linear combinations of states with m = +1 for
each ion site. This is technically achieved by taking L, =L, = 1
and by shifting the m = 0 states 100 meV up in energy. (iii) As
simplification (ii) overestimates the orbital moments, the
spin—orbit coupling is rescaled by adjusting . The
Hamiltonian (eq 2) is diagonalized, and the occupation of
the eigenstates is described with a Boltzmann distribution. The
spin and orbital moments are then projected along B, and these
values averaged over the polar and azimuthal angles of Bfora
fixed orientation of the molecule (Supporting Information
Section 3). Using J = 3meV and { = —8.2 meV, the thermal
evolutions of the spin and orbital moments and the differential
conductance spectrum are simultaneously reproduced (dashed
red curves in Figures 2). Taking into account the variation of
the excitation energy observed between molecules, { has to be
adjusted from =—10 to —6meV to reproduce the dI/dV
spectra. This does not significantly affect the temperature
evolutions of (i) and (Hey) (Supporting Information
Section 8).

With the above parameters and B = 0, the degenerate

ground state of(IL, 1, =1, } ) + I=1, |, 1,1 ))/~/2 (in the
basis Im, s, m,, s,.)). For dI/dV spectra, excited states that
differ from the ground state by the angular momentum of a
tunneling electron are relevant, hence |Amjl = 0, 1. These
states essentially are linear combinations of 11, |, —1, |), I-1, |
, 1, 1), 15,1, =1, 1), and I-1, 1, 1, 1). Steps in the dI/dV
spectrum may be understood as a spin flip at one of the Co
sites and correspond to a transition from an antiferromagnetic
to a ferromagnetic configuration of the Co spins. However, the
angular momentum provided by the tunneling electron
(maximum of 1) is insufficient to change the orbital moment
of the Co sites. Consequently, spin and orbital momentum are
antiparallel at the excited spin-flipped Co site. The energy of
the excited state has therefore contributions from the
unfavorable spin alignment (exchange coupling) and the
unfavorable alignment of the spin and orbital momentum at
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a Co site (due to SOC), which leads to the large excitation
energy observed in dI/dV spectra. In contrast to excitation by
electrons, thermal excitation is not limited to |Am]| < 1. This
results in the evolutions with temperature shown in Figure 2.

Tuning Magnetic Anisotropy. The magnetic anisotropy
of Co(II) ions on surfaces was shown to decrease as the
exchange coupling to the substrate is increased.”*™*’ For di-Co
on Au(111), we observed variations of the excitation energy
(from ~7 to 11meV; spectra are acquired with tunneling
conditions weakly perturbing the molecule) measured on
different complexes. Although a clear pattern has not yet been
identified, the electronic coupling presumably depends on the
location of the complex relative to the reconstruction of the
Au(111) surface.

To confirm the impact of electronic coupling on the
magnetic anisotropy, we manipulated (through current
injection) the tert-butyl moieties that decouple the Co centers
from the surface. Three states of the tert-butyl groups (P, 1,
and 2) with different apparent heights were obtained (Figure
4a). Changing a single moiety into state 1 shifts the steps
toward lower energy by ~30% (Figure 4b, red vs black curve).
Modification of more tert-butyl moieties further decreases the
energies of the steps and leads to broad peaks at the edges of
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Figure 4. Tuning the magnetic anisotropy through manipulation of
tert-butyl moieties. (a) Topograph (height range 2.8 nm) of a di-
Co complex showing states 1 and 2 (arrows) of the tert-butyl
moiety that are usually obtained upon injection of current (2.7V,
~3 nA). (b) dI/dV spectra acquired atop a Co center before
(black) and after (red) manipulation of the second top-left tert-
butyl moiety into state 1. The 2 X 4 array of characters describes
the states of the eight fert-butyl groups (P for pristine). (c) dI/dV
spectra of a complex subject to multiple manipulations. Both Co
centers (shown as red and blue spots in the insets) exhibit similar
features. (d) dI/dV spectra of another manipulated complex. The
insets of panels (b—d) are topographs of the measured complexes
after manipulation, and the dots indicate the position at which the
spectra were acquired. Tip height set points: (a) S0 mV, 500 pA,
(b) 50 mV, 300 pA, and (c) 30 mV, 100 mV.

the excitation gap (Figure 4c). Some molecules exhibit a peak
with Frota line shape (Figure 4d) typical of a Kondo
resonance’** instead of gap-like spin excitations. When a
Kondo resonance is observed atop one Co center, the other
one does not show excitation steps. Its spectrum is either
featureless (blue curve in Figure 4d) or exhibits a Kondo
resonance as well.

The manipulation of the tert-butyl groups may be
interpreted in terms of sequential removal of methyl groups.
The corresponding simulated STM images match the
experimental ones quite well (Figure ). Our DFT calculations

STM

Figure 5. Manipulation of tert-butyl: STM and models. (a—c)
Experimental STM images (V = 0.1V, I = 0.1nA) of a di-Co
complex. The initial state shown in (a) was modified by injecting
current (V = 2.7V, I = 3 nA, duration 10s) into one of the tert-
butyl groups which led to a changed image contrast in (b). The
procedure was subsequently repeated on the same molecular
subunit leading to the image shown in (c). The apparent height of
the molecule in this area is further reduced. (d—f) Images
calculated for the models (g—i) approximately reproduce the
experimental images. The removal of one (h) or two (i) methyl
groups induces an increasing amount of distortion to the complex.
In particular, the C atom from which methyl has been striped off is
closer to the substrate to compensate for the lacking ligand.

reveal energy shifts of the d orbitals upon manipulation of the
tert-butyl moieties. The energy of the d orbitals is important
for hybridization and the magnitude of the orbital moment, as
illustrated in Figure 3. This is confirmed in our calculations,
where the orbital moment of the Co site close to the
manipulated ligands decreases with the number of removed
methyl groups (0.311, 0.278, and 0.269 yy for 0, 1, and 2
abstracted methyl groups, respectively), while that of the other
Co site remains fairly constant (0.295, 0.302, and 0.298 u3). In
addition, the interaction with the substrate appears to affect the
exchange coupling between the two sites as well. We speculate
that the removal of further methyl groups further decreases the
orbital moment and the exchange coupling. The Co ions may
then be described as pure spin-1/2 systems interacting with the
conduction electrons of the substrate, leading to a Kondo
resonance. The change of orbital moment and exchange
coupling affects the magnetic anisotropy. Orienting the spins
along the y axis (green arrows in Figure 3a) costs respectively
4.17, 3.29, and 2.72 meV more energy than along the x axis
(Supporting Information Section S). That is, the magnetic
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anisotropy of the molecule is tuned by manipulating the tert-
butyl moieties.

The manipulation of the tert-butyl subunits allows a
relatively coarse modification of the magnetic properties with
limited control over the final state. Fine-tuning of the magnetic
anisotropy is possible by bringing the STM tip close to a Co
center. Figure 6 shows data from a pristine molecule recorded
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Figure 6. Evolution of spin-excitation energy with tip-to-Co
distance. dI/dV spectra acquired at different relative heights over
a Co(II) ion of di-Co. A tip height Az = 0 is defined at tunneling
parameters V = 40 mV and I = 100 pA. Az becomes more and
more negative as the tip approaches the molecule. Az = —80 and
—320 pm respectively correspond to initial currents of I = 0.5 and
550nA (V = 40 meV). The vertical lines are guides to the eye
indicating the positions of the steps of the lowest spectrum (Az =
—80 pm).

at various vertical tip displacements Az. The magnetic
excitation energy of ~11 meV for Az > — 80 pm decreases
as Az becomes more negative, while the dI/dV increases at the
steps developing overshoots. This effect may be attributed to
an increased interaction of the Co center with the conduction
electrons of the tip and the substrate. Further data and fits are

shown in Supporting Information Section 7.

CONCLUSIONS

In conclusion, we found that the two S = 1/2 spins separated
by a benzenetetraimine moiety of a di-Co complex on Au(111)
are antiferromagnetically coupled. Differential conductance
spectra, XMCD measurements, and DFT calculations reveal
large orbital moments comparable to the spin moments despite
the ligand field acting on the Co ions. The orbital moments,
often neglected for spin 1/2 ions, lead in turn to a sizable
magnetic anisotropy. The orbital moment and the magnetic
anisotropy, may be tuned by manipulating the peripheral
groups of the complex or by bringing the STM tip close the
molecule. Our study shows that unquenched orbital moments
are relevant in transition metal complexes and lead to sizable
magnetic anisotropies even for spin-1/2 objects.

METHODS

Synthesis. The di-Co powder was synthesized following the
description of ref 23.

STM. The Au(111) surface was prepared by cycles of Ar ion
bombardment (1.5keV) and annealing to 450 °C. di-Co was

10613

sublimated from a heated crucible (~260 °C) onto the substrate at
~2S °C. STM tips were electrochemically etched from W wire and
annealed in vacuo. Experiments were carried out in ultrahigh vacuum
with a STM operated at 4.6 K. The differential conductance dI/dV
was measured using a lock-in amplifier with a modulation voltage of
0.5 mV,,, at 667.8 Hz. The shown dI/dV spectra were low-pass
filtered.

XMCD. Measurements on di-Co powder pressed onto a Ta foil
were performed at the EPFL/PSI X-Treme beamline®® at the Swiss
light source (Proposal 20190693). X-ray absorption spectra at the Co
L;, edges were acquired under a magnetic field of 6.8 T at different
temperatures. The difference of such spectra, recorded with photons
of left and right helicities, gives the XMCD spectra. Sum rules have
been applied to the spectra to extract the average spin and orbital
moments aligned along the magnetic field.**> A 3d” occupation of the
Co ions has been used. The X-ray absorption measurements on di-Co
on Au(111) (sample prepared as for STM measurements) were
performed at the DEIMOS beamline** of the synchrotron SOLEIL
(proposal 20190691).

DFT. Density functional theory (DFT) calculations were
performed using the VASP code.” Core electrons were treated
using the projected augmented-wave (PAW) method*® and wave
functions were expanded using a plane wave basis set with an energy
cutoff of 400 eV. The PBE was used as exchange and correlation
functional.*” The description of the Co d-electrons was improved by
using the GGA+U method as formulated by Dudarev*® with U, = 3
eV if not otherwise stated. Missing long-range dispersion interactions
in this functional were treated using the Tkatchenko—Scheffler
method..*” Magnetic anisotropy energies were calculated by perform-
ing total energy differences between different configurations after
including spin—orbit coupling as implemented in VASP.>°

The Au(111) surface was simulated using the slab method with
four atomic layers separated by a vacuum region of 21 A. The
coordinates of all atoms except the two bottom layers were relaxed
until forces were smaller than 0.02 eV/A.

STM simulations were done by applying the Tersoff—-Hamann
approximation®’ using the method of Bocquet et al.>> as implemented
in the code STMpw.>”
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1 Spin-spin coupling
Below, our XMCD data are analyzed neglecting spin-
orbit coupling. We use a spin Hamiltonian describing
the exchange coupling between the spins of the two ions
and a Zeeman energy

Hspin =J31 -85 — MBgs(gl + §2) ' Ba (Sl)
where §; and §, are the spin operators (S = 1/2) at the
ion sites. J is the exchange coupling constant, g; the
spin g-factor and B the magnetic field. The occupation
of the eigenstates is then determined with Boltzmann
statistics. Figure S1 shows the evolution of the average
spin moment per Co ion as a function of temperature
for different J values. The best agreement with the data
is obtained for J = 1.3meV (red curve). As stated in
the manuscript, this analysis is incorrect albeit leading
to a good fit.
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Figure S1: Evolution of the spin moment per Co

ion inferred from XMCD as a function of temperature
(black dots). The colored curves are from the spin
Hamiltonian with different J as indicated in the leg-
end.
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Figure S2: XA spectra of di-Co powder (green line) and of ~ 1 ML di-Co on Au(111) (dashed black line) at room
temperature a before and b after background subtraction and scaling. The spectra are averages of four sweeps. XA
and XMCD spectra of ~ 1 ML di-Co on Au(111) acquired under ¢ normal and d grazing incidence in a field of 5T
and at 1.5 K. Sum rules applied to the spectra yield ¢ (ms) = 0, (m;) ~ 0.1 up and d (m;) =~ 0.2 ug, (my;) ~ 0.3 up.
The XMCD spectra were obtained from eight XA sweeps acquired with different photon helicities and field directions.
As the measurements were carried out on different beamlines, the green spectra in a—b have been shifted by ~ —2eV

to match the dashed curve.

2 XAS and XMCD on di-Co on Au(111)

Figure S2b shows that the x-ray absorption (XA) spec-
trum of ~ 1 ML di-Co on Au(111) (dashed curve) essen-
tially exhibits the same features as that of di-Co pow-
der. This suggests that the oxidation state and the spin
states of the Co(II) ion are not modified by the adsorp-
tion on Au(111). XMCD data from the 1 ML sample
strongly depend on the photon incidence angle. Under
normal incidence (magnetic field perpendicular to the
surface), sum rulesS!"53 lead to (m,) ~ 0, whereas un-
der grazing incidence, we find (mgs) ~ 0.2 up. These
results indicate that a magnetic field of 5T is insuffi-
cient to rotate a fraction of the spins out of the molec-
ular plane at 1.5 K, whereas a significant fraction may
be aligned in-plane under similar conditions. The ob-
servations are consistent with the magnetic anisotropy
inferred from our powder measurements and DFT cal-
culations.

3 Simulation of the projected magnetic
moment

The Hamiltonian of Equation 1 of the main manuscript
is diagonalized in the |mq, S ., M2, S2 ) basis leading
to N eigenvalues E; and eigenvectors V; (N = 100 with
Ly = Ly =2 and S; = S = 1/2). The expectation
value of an operator X at a given temperature reads

E;—Eq
kT

(X) = ) ViIXv;, (S2)

=0

where kp is the Boltzmann constant and Z the partition
function.

S-2

XMCD is sensitive to the projection of the spin and
orbital momenta on the photon-incidence axis (equiva-
lent to the magnetic field axis in the experiment). For
polar and azimuthal angles 6 and ¢ between B and the
z axis of a molecule, the measured spin moment reads

sin 6 cos ¢ (S1,2) + (S2.4)
ms(0,¢) =2 [ sinfsin ¢ (S1.4) + (S2,4) (S3)
cosf (S1,2) + (S2,2)

As molecules in powder are randomly oriented, the
moment effectively measured is
2

= ﬁ fgﬂzo $=0 ms(97¢)d6d¢

=2 [T2 (0, 6)do.

(S4)

(mys)

Equivalent considerations give the average orbital mo-
ment (m;). Simulations integrated over the polar angle
f have been carried out to reproduce the temperature-
dependent measurements shown in Figure 2 of the main
manuscript.

4 Mixing of d orbitals

As explained in the manuscript, we constructed a
Hamiltonian Hyy, mixing and shifting |1, m, s,) states,
where the parameters have been adjusted to approxi-
mately reproduce the PDOS inferred from DFT calcula-
tions. The spin-orbit Hamiltonian Hso was then added
to Hyy1, and the corresponding eigenstates calculated.
The projection of the eigenstates (|n) with n = 1,..,10)
on the d orbitals are shown in Table S1 along with the
energy and orbital moments of the states.



Table S1: Composition of the eigenstates with SOC. E and (u,) are the energy and the orbital magnetic
moment along x, respectively. Components with coefficients smaller than 0.01 are neglected for clarity. For example,

the fourth state |[4) = 0.11|dl2

)+ 0.28|d;> +0.94i|d],) — 0.16|d,) + 0.01i|d},) has an energy of —0.435€V with

respect to the Fermi level and ail orbital momentum (4|7,]4) = —1.14.

State 1) 2) 3) 4) [5) 16) |7) 8) 9) | [10)
E (eV) | —0.747 | —0.630 | —0.614 | —0.435 | —0.290 | —0.147 | —0.045 | 0.596 | 1.953 | 2.492
(p) (1) 024 002| 095 —1.14| —0.07| —0.07| —0.31| 0.38| —0.02| 0.02
dl, . | —0.99 0 005 o011 0] —0.05 0 0 0] —0.02

df, 0| 099 0 0| —0.09 0| 009]|-003] 0.01

d’, —0.02 0] —0.95] 028 0] o0.14 0 0 0

dl, —0.12 0] —0.30i | 0.94 0| —0.134 0 0 0] 0.0L

dl, 0| 001 0 0| —0.03 0 0| 0.02 [ —1.00:

dya_ . 0| —0.10 0 0| —0.99 0| 002| 003| 0.03

dl, —0.06 0] 010] —0.16 0] 0.98 0 0 0] 001

d, 0| 0.09 0 0| —0.03 0| —0.99| 0.09 0

di, 0| 0.02 0 0| 0.03 0| 009 | 099 | 0.02

di, —0.02i 0 0] 001 0| —0.014 0 0 0| 1.00s

a b

5 Manipulation of tert-butyl groups

Table S2 shows the magnetocrystalline anisotropy en-
ergy as a function of the number of abstracted methyl
groups. The calculations confirm the experimentally
observed trend of reduced anisotropy energy with the
number of manipulations (see for instance AE,).

Table S2: Influence of methyl abstraction on
the magnetic properties. Fpy — Far is the energy
difference between ferromagnetic and antiferromagnetic
alignments of the spins. FE; is the energy cost when the
spins are along the ¢ axis. All energies are given in meV.

removed | Epy — Ear | B, | B, E,
methyls
0 3.1 0 | 4.17 | 3.08
1 0.5 0 |3.29 | 345
2 1.9 0 | 2721255

6 Spatial extent of the magnetic excita-
tions

Figure S3 shows the evolution of the dI/dV spectra
along the Co-Co axis of a molecule (red squares). Mag-
netic excitations are only observed in the vicinity of
the Co ions (spectra in red), while the spectra acquired
at other positions are essentially featureless (spectra in
black). This set of data highlights the central role of
the Co ions for the magnetic properties.
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Figure S3: a STM image of a di-Co complex with a su-
perimposed molecular model (2nm wide, V = 100 mV,
I =100pA). b dI/dV spectra acquired at the positions
of the red squares in a (bottom to top spectra corre-
spond to left to right squares). The spectra highlighted
in red exhibit steps due to magnetic excitation. The
feedback was opened at V' = 50mV, I = 500pA and
the spectra are vertically shifted for clarity.

7 Fits of dI/dV spectra

Differential-conductance spectra were fitted with
temperature-broadened step functions and Frota func-
tions at the positions of the stepsS* in addition to a
cubic background:
oc=09+aV +bV?+ V3
_ Ey+eV FEg—¢eV
hg® | ——— hi® | ———
o (kBT >+0 </€BT)

+hy g(Eo+eV,I'k)+ h; g(Ey—eV,Tk),

(S5)

where O is a temperature-broadened step function:

1+ (z — 1) exp(x)
(exp(z) —1)*

O(z) ; (S6)




and ¢ the Frota function:S%56

w AN
E,Tg) =8 |ie | =X
9(E. ) J[w E+ilg

. (S7)
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Figure S4: a dI/dV spectrum acquired atop a Co(II)
ion (black) along with a fit with Equation S5 (red) giv-
ing Fy = 8.78 + 0.06 meV, 'k = 2.60 + 0.13meV, and
T = 9.44 £+ 0.16 K. The green, blue and gray curves
respectively show the spin-excitation, Frota, and back-
ground components of the fit. The vertical solid line
indicates the energy FEj, while the dashed vertical line
highlights the effective energy of the step. The spec-
trum is acquired at a relative height A = —290pm. b
Spin-excitation energy Ey extracted from dI/dV spec-
tra taken at various relative heights Az above a Co cen-
ter. The confidence intervals inferred from the fits are
smaller than the size of the points. The height reference
Az = 0 is obtained when tunneling with V' = 40 mV
and I = 100 pA. Az = —80, —280, —320 pm respectively
correspond to initial currents of I = 0.5,130,550nA
(V = 40meV). ¢ Ep versus Az’ acquired over another
molecule with a different tip. The height reference
Az’ = 0 is obtained when tunneling with V' = 50 mV
and I = 100 pA.

Fits of dI/dV spectra with Equation S5 reproduce the
main structures of the spectra. An example is shown in
Figure S4a (dI/dV in black, fit in red). The additional
curves in gray, green, and blue, respectively, represent
the contributions of the background, the temperature-
broadened step functions, and the Frota functions.

When Frota-like overshoots are present, the positions
of the dI/dV steps (example shown by dotted verti-
cal line) do not directly correspond to the magnetic-
excitation energy Fy (solid vertical line). As evident
from Figure S4a, the Frota contributions effectively re-

S-4

duce the gap width. When the amplitudes of the two
Frota functions differ, the gap actually becomes asym-
metric about the Fermi level.

Spectra were acquired atop a Co(II) ion for differ-
ent relative heights. The spectra of Figure 4 of the
main manuscript, along with other intermediate mea-
surements, have been fitted using Equation S5. The
resulting Fy are plotted in Figure S4b as a function of
the relative height Az. We observe that values of Ej
drastically decrease from Az —280 to —320pm as
the tip approaches the Co ion.

Although the decrease of Ey for Az = —300pm is
relatively clear, the apparent increase of Fy from Az =
0 to —100pm (Figure S4b) should be interpreted with
caution. Similar data acquired over another molecule
with a different tip suggest that Ej is constant between
dz = —110 and —50pm (Figure S4c). The difference
between the data sets indicates that the uncertainty of
Ey is likely on the order of £1meV and hence larger
than the confidence intervals of the adjustable model
parameters (/2 +0.1 meV).

8 Influence of the spin-orbit coupling
constant

The excitation energies in dI/dV spectra for tunneling
conditions close to Az = 0 vary from =~ 7 to 11 meV
from molecule to molecule. The different spectra can
be reproduced by adjusting ¢ without significantly af-
fecting the temperature evolutions of (tgpin) and (o)
(Figure S5).
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Figure S5: Simulated dI/dV spectra using Equation
2 of the main manuscript with J = 3meV and ¢ =
—6, —8, —10 meV. Simulated temperature dependencies
of b (itspin) and ¢ (o) using the same parameters as
in a.
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