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ABSTRACT: Magnetic anisotropy is essential for permanent

scanning tunneling microscopy (STM), we demonstrated the
ability to control the magnetic anisotropy by tuning the ligand field
at the single-molecule level. We constructed a molecular magnetic
complex with a single Mn atom and an organic molecule (4,4'-
biphenyldicarbonitrile) as a ligand via atomic manipulation.
Inelastic tunneling spectra (IETS) show that the Mn complex
has much larger axial magnetic anisotropy than individual Mn
atoms, and the anisotropy energy can be tuned by the coupling strength of the ligand. With density functional theory calculations, we
revealed that the enhanced magnetic anisotropy of Mn arising from the carbonitrile ligand provides a prototype for the engineering
of the magnetism of quantum devices.
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D 1 agnetic anisotropy plays a key role in permanent Si(111), which acts as a decoupling layer on the metal

magnets to maintain their direction of magnetization substrate. The magnetic properties of the resulting comglex
over time."” It is manifested as the tendency for the were probed by inelastic tunneling spectroscopy (IETS).”*>°
magnetization to align along specific directions despite thermal Significant zero-field splitting in the IETS suggests a large in-
fluctuations. Magnetic anisotropy can also be evolved in plane magnetic anisotropy for the complex. In addition, the
magnetic structures with only a few atomic spins, such as single zero-field splitting energy of the Mn complex varies with the
atoms and single molecules.” > The large anisotropies in these distance between the Mn atom and the ligand, implying that
atomic scale structures enable them to exhibit intriguing the anisotropy of the magnetic complex can further be tuned
quantum effects and also make them attractive for miniaturized by the. coupling strength of the ligand _ﬁdd- Our DF T
data storage applications and quantum computing.®™® calculations prove that the system has an in-plane magnetic

polarization and the easy-axis lies perpendicular to the axial

Recently, surface adsorption and structure distortion- ‘ )
line of the ligand.

induced”™ or organic Iigand-inducedlé_B magnetic aniso-
tropy of individual magnetic atoms/molecules have been B EXPERIMENTAL SECTION
reported. Whereas the exchange interaction of electrons spins
is isotropic, the crystal field or the ligand field surrounding the
magnetic atom could offer additional degrees of freedom to
tune its spin and orbital and thus give rise to the magnetic
anisotropy by spin—orbital coupling. Therefore, the surround-
ing environment of the magnetic atom could be utilized to
manipulate the anisotropy of the single atom or single

The experiments were performed in an ultrahigh vacuum *He
cooling STM system at the base temperature of 0.4 K. A
magnetic field up to 11 T can be applied perpendicular to the
surface of the sample. All the tunneling spectra were recorded
at 04 K by a lock-in technique with the feedback loop

molecule, which is crucial for its potential applications. Received: February 8, 2021
In this work, by using low-temperature STM and atomic Revised:  March 30, 2021
manipulation, we introduced significant magnetic anisotropy to Published: April 8, 2021

a single Mn atom by bonding it to an organic ligand with a
carbonitrile group. This single molecular chemical reaction was
performed on ultrathin lead oxide (PbO) layers grown on Pb/
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switched off. A superconducting niobium tip was used to
improve the energy resolution near the Fermi level.”” The PbO
layers were grown on Pb(111) film on Si(111) substrate by a
two-step oxidation method”® (see Figure S1(a) for a large-scale
STM image of PbO/Pb/Si(111) film). The two-layer-thick
insulating PbO will suppress the electron density of states
around the Fermi level to increase the spin lifetime of magnetic
adsorbates,”” which is critical for the IETS measurement.
Manganese atoms and organic ligands (4,4'-biphenyldicarbo-
nitrile, BPCN) were deposited onto the PbO/Pb/Si(111) film
at a temperature below 50 K. A large-scale STM image after
Mn deposition is shown in Figure S1(b). The methods for
first-principles calculations are included in the Supporting
Information.

B RESULTS AND DISCUSSION

Figure 1(a) shows a typical surface topography after Mn atoms
were deposited on PbO/Pb/Si(111) films. Individual Mn
atoms appear as identical round protrusions with an apparent
height of 0.25 nm. The tunneling spectra (dI/dV)) measured on
a single Mn atom under various magnetic fields (perpendicular
to the surface) are shown in Figure 1(b). They display two
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Figure 1. Mn atoms on PbO and their tunneling spectra. (a) STM
image (18.3 X 18.3 nm? V= 1.0 V, I = 0.1 nA) of five individual Mn
atoms adsorbed on a PbO island on Pb(111); the insert image (S X 5
nm?% V=10V, I=0.1nA) shows a Mn dimer constructed by atom
manipulation. (b) dI/dV spectra of a single Mn atom taken at 0.4 K
with magnetic field perpendicular to the surface. Tunneling junction:
V =10 mV, I = 0.4 nA. Bias modulation: 50 xV, 991 Hz. (c) dI/dV
spectra of the Mn dimer taken at 0.4 K with a magnetic field
perpendicular to the surface, where the tunneling junction is the same
as in (b). All the curves are offset vertically for clarity. The red arrows
indicate three substeps at B = 11 T. The insert schematically shows
the splitting energy levels of Mn dimer in the magnetic field. (d) Field
dependence of the step energy extracted from (b) (black dots). The
red line is the linear fit of the step energy versus B, using 6E = guyB
(corresponding to the lowest spin excitation of Mn). The fit yields a g-
factor of 1.98 and a zero-field splitting energy of 0.086 + 0.025 meV.
Gray dashed lines are high-order spin excitations calculated from the
SH approach.
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symmetric steps with respected to Fermi level (Ep), and the
energy of these steps increases monotonically with B (note that
the superconductivity of Pb film and Nb tip are both
completely suppressed at these fields). This is a hallmark of
IETS caused by spin excitations of Mn under a Zeeman
field.>*2° Figure 1(d) shows a linear fit of the excitation
energy (derived from the position of the step edges in Figure
1(b)) versus B, using 6E = gugB (ug is the Bohr magneton).
The fit yields a Lande g-factor of 1.98 and a nonzero intercept
of 0.086 + 0.025 meV at B = 0. The finite intercept indicates
that the Mn atom has a small magnetic anisotropy, which can
be described by the spin Hamiltonian approach detailed below.

Via atom manipulation, we can construct a Mn dimer
though moving the atoms (insert of Figure 1(a)). The
tunneling spectrum on a dimer with interatomic spacing of
0.25 nm exhibits symmetric steps at +7.9 meV, which further
split into three substeps at higher magnetic field strengths
(Figure 1(c)). This indicates that the two Mn atoms are
antiferromagnetically coupled. The split steps come from the
excitation of the spin-singlet (S = 0) ground state to a spin-
triplet (S = 1) state. These results are consistent with Iprevious
studies of Mn atoms on different decoupling layers'”** and
prove that PbO film is effective as a decoupling layer for spin
excitation studies.

4,4'-Biphenyldicarbonitrile (BPCN) molecules were intro-
duced to the PbO surface at a temperature below 50 K to form
well-isolated single molecules. A BPCN molecule has two
benzene rings and two carbonitrile (—CN) groups (Figure
2(a)), and it was visualized as a rod-shaped protrusion (length
~ 1.71 nm) in the STM topography (Figure 2(b)). Using tip
manipulation, we were able to move the BPCN molecule
toward one of the Mn atoms. We found that when one end of
the molecule (the carbonitrile group) touches a Mn atom
(Figure 2(c)), the apparent height of the latter dramatically
decreased to 0.12 nm. Meanwhile the BPCN molecule could
not be moved away but only rotated around the anchoring Mn
atom. This indicates a chemical bond was formed between
carbonitrile group and Mn atom.™** A Mn complex with
only one carbonitrile-coordinated ligand was constructed.

Figure 2(d, e) shows the tunneling spectra of a Mn complex
(measured at the position of Mn atom) under various
magnetic fields. They are substantially different from that of
an individual Mn atom. At the low field strength of 1.5 T, IETS
steps with an energy of 0.44 meV are observed, which is
significantly larger than the Zeeman energy (0.29 meV) of
single Mn atoms for the same field strength. It is noticeable
that the step position varies nonmonotonically with magnetic
field. In particular, at B = 5 T, the spectrum shows evidence of
double steps (marked by arrows in Figure 2(e)), which can be
ascribed to two different spin excitations as shown below.
Upon setting the field to zero, the spectra at the location of the
Mn complex was dramatically changed. Under zero magnetic
field, both the Pb substrate and Nb tip are superconducting.
The spectrum measured on bare PbO shows sharp coherence
peaks at the energy of +(Ay, + Ayp,) (Figure 2(d), in which
Agp and Apy, are the energy gaps of the tip and Pb substrate)."!
Meanwhile, the spectrum of the Mn complex shows two
symmetric small peaks outside of the coherence peak (Figure
2(d)). These small peaks actually originate from IETS signals
detected by the superconducting tip. Because the tunneling
conductance (dI/dV) is proportional to the convolution of the
density of states (DOS) of both tip and sample, and because
the DOS is strongly peaked at the superconducting gap edge of
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Figure 2. Mn complex and its tunneling spectra. (a) The chemical structure of 4,4'-biphenyldicarbonitrile (BPCN) molecule. (b, c) STM images of
one Mn atom and one BPCN molecule before bonding (b) (8.9 X 8.9 nm? V= 0.5V, I=0.1 nA) and after bonding (c) (5.5 X 5.5 nm* V=05V,
I=0.1 nA). (d) dI/dV spectra on Mn complex taken by the superconducting tip at zero field (blue curve, the zero-field splitting peaks were
indicated by blue arrows) and on bare PbO (black curve) for comparison. Gray dashed lines indicate the sharp coherence peaks at the energy of

+(A

tip

+ App). Tunneling junction: V = 10 mV, I = 0.2 nA. Bias modulation: 50 4V, 991 Hz. T = 0.4 K. (e) dI/dV spectra of the Mn complex in

magnetic field (blue curves). The tunneling junction is the same as in (b). All the curves are offset vertically for clarity. Red curves are simulated
spectra with an effective temperature of 1.5 K and considering the excitation intensity given by eq 2 (see text). Blue and red arrows indicate the IET
steps which come from the first and second excited states, respectively. dI/dV spectra on bare PbO at B = 1.5 T is for comparison.

the tip, the IETS steps transformed into peaks in dI/dV
spectra. Therefore, the Mn complex has a spin excitation at
zero field, i.e., the so-called zero-field splitting (ZFS), which is
the hallmark of magnetic anisotropy. The zero-field splitting
energy can be directly measured as the energy difference
between a small peak and its neighboring coherence peak,
which is 0.58 meV here. Similar results were reproduced on
more than three different complexes. Since peaks in the dI/dV
spectra give much better resolution than the steps, the
superconducting tip shows its advantage in identifying the
IETS feature at zero magnetic field.

To understand the spin excitation process, we introduced a
spin Hamiltonian (SH) approach which usually describes the
magnetic system in anisotropic environment.”* The second-
order SH in a magnetic field is written as

n A A2 A2 a2

H=gu,BS + DS,” + E(S, = §,") (1)

The first term is the Zeeman splitting while the second and
third terms phenomenologically describe the strengths of the
axial and transverse magnetic anisotropies, respectively. S =
(Sv S, S.) is the spin operator. Diagonalizing eq 1 requires the
net spin value of the Mn complex and the angle between B and
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SZ. Because carbonitrile is a kind of moderate-strength field
ligand,”*** the Mn atom in the complex was expected to
maintain its free atom spin (S = 5/2). We found that
reasonable fitting can only be obtained by choosing S,
perpendicular to the magnetic field. The best fit yields D =
—0.14 + 0.01 meV, E = 0.01 + 0.01 meV, and g = 1.97 + 0.02.
Calculated spin excitations and experimental IET step energies
are plotted in Figure 3(a), where the steps originated from two
types of spin excitations. The eigenenergies of eq 1 from the
best fit are shown in Figure 3(b). A negative D means the Mn
complex has an easy-axis magnetic anisotropy, which lifts the
spin sextuplet degenerate ground state into three Kramers
doublets. The observed zero-field splitting is the excitation
from the first doublet (m = +5/2) to the second doublet (m =
+3/2). A magnetic field perpendicular to the main anisotropy
axis lifts the doublets by the Zeeman effect and mixes spin
states of different magnetic quantum number m. However,
when the Zeeman energy is not comparable to the zero-field
splitting energy, the splitting of the first (ground) doublet with
high Iml is weak, which is the reason that we did not observe
the first excitation at lower magnetic field strengths.

In IETS, the intensity of spin excitations (represent as the
relative height of IETS steps) is related to the spin selection
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Figure 3. Spin excitations of the Mn complex. (a) Black dots:
Energies of the first and second excited states extracted from the IET
steps in Figure 2(e) and zero-field splitting in Figure 2(d). Solid lines:
Calculated spin excitation energies by eq 1 with the magnetic field
perpendicular to the S, direction (using D = —0.139 meV, E = 0.001
meV, and g = 1.97). The marks next to curves indicate the excitation
level. (b) The eigenvalues of eq 1 with the same anisotropy parameter
of (a), where numbers mark different states. (c) Calculated relative
spin excitation intensities from eq 2. (d) The magnetic anisotropy
energy (blue dots) is defined as MAE = Ejyy;) — E[g)q) with seven
different Mn—N bond lengths around ~2.0 A. The inset shows the
spatial distribution of the net spin for the Mn-BPCN complex with
the isosurface of 0.015 e”/A% corresponding to the yellow color
surrounding the Mn atom (the upper one is the top view and the
lower one is the side view). (e) Energy level diagram of a single Mn
atom and Mn-BPCN complex. E; and E, represent the electronic
ground and first excited states of the Mn-BPCN complex.

rule’**® and the exchange interaction between tunneling

electron spin and atomic spin.”*~>* The wei%ht of observed
IETS steps can be qualitatively descried as'®**
L_p = KIS + I(PAS NP + I(WS )P @)
where W, and ¥, are the final and initial spin states,
respectively. Using the eigenvectors of eq 1, spin excitation
intensities were calculated as a function of the magnetic field,
as shown in Figure 3(c). The first excitation has the largest
intensity and thus should be observed at B > 4 T (at 0.4 K, the
thermal broadening is around 0.1 meV). The second and third
excitations are too weak to be observed at high field. The
fourth and fifth excitations have almost zero intensity and
cannot be observed at all. We modeled the tunneling spectra in
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Figure 2(e), using the calculated excitation intensities and with
considering thermal and equipment broadening. The fitted
curves (Figure 2(e)) show good agreement with the
experimental spectra.

As previously mentioned, single Mn atoms on PbO only
show a small zero-field splitting energy of 0.086 meV. By fitting
the IETS steps of single atoms on PbO in Figure 1 with eq 1
using S = 5/2, we obtained D = —0.022 meV, g = 1.98, and the
z-axis parallel to B (out-of-plane). This suggests that the PbO
substrate was weakly coupled to Mn and only induced small
easy-axis (out-of-plane) anisotropy, which is similar to the case
of Mn atoms adsorbed on thin CuN or ALO,.'"** However,
when the Mn atom is chemically bonded to a carbonitrile
group, the zero-field splitting energy was substantially
increased and the main axis was reoriented to the in-plane
direction. The enhanced anisotropy should be due to the
strong anisotropic ligand field given by the single carbonitrile
ligand, which is further supported by the density functional
theory (DFT) calculations below. Since the BPCN molecule
can be rotated around the Mn atom, we also provide a method
to control the direction of the anisotropy axis (or magnet-
ization) at the level of a single molecule.

To gain microscopic understanding on the origin of
magnetic anisotropy, we carried out the DFT calculations on
the Mn-BPCN complex. Considering that the PbO substrate
has a negligible role in affecting the magnetic properties of Mn
atoms, we neglect in our calculations the interactions between
the magnetic complex and the substrate. The optimized
geometry is a linear structure with a one-fold coordinated
BPCN. The axial line of the ligand is defined as the [100]
direction, which is illustrated in the inset of Figure 3(d). The
bond length of Mn—N in the relaxed structure (shown in
Figure S2) is 1.973 A. This short Mn—N distance, which was
equivalent to the sum of the covalent radii of Mn and N atoms
(1.19 and 0.71 A, respectively), implies that a covalent bond
was formed between the Mn and N atom. Electron localization
function (ELF) analysis (shown in Figure $3(a)) in the (001)
plane of BPCN-Mn complex, which was used to describe the
localization of electronic groups and the chemical bonds,
shows that the high ELF (around 0.90) region between the N
and Mn atom deviates from the center and is inclined to the N
atom, suggesting a ligand bond. In addition, charge density
difference analysis (shown in Figure S3(b)) between the
BPCN molecule and the Mn atom indicates that the electron
cloud in the Mn—N bond interstice is dominated by the p
electron of the N atom and the d orbital of the Mn atom,
verifying the ligand property of the Mn—N chemical bond. In
order to quantitatively investigate the magnetic anisotropy of
low coordinated Mn-BPCN, we calculated the system’s energy
when the magnetic moment is confined in three different axes’
directions with seven different Mn—N bond lengths around
~2.0 A, and spin—orbit coupling is considered. The magnetic
anisotropy energy (defined as MAE = E[4y;) — Ejg,7) in Figure
3(d) shows a lower energy of the [010] axis than that of out-
of-plane [001], indicating an easy-axis magnetic anisotropy
along the [010] direction in the plane, which is consistent with
the fitting results from experimental data.

Magnetic anisotropy originates from a crystal-field (CF)
effect combined with spin—orbit interaction (SOI). Transition-
metal atoms in low-symmetry environments usually show large
magnetic anisotropies.”'’ Nevertheless, the Mn atom (and
Mn" ion) with d° configuration is unconventional because its
free atom ground state is an orbital singlet (GAlg). This L =0
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Figure 4. Demonstration of constructing a compressed Mn,(BPCN). (a) STM image of a free-standing Mn(BPCN) complex (top) and another
single Mn atom (center). Arrows indicate the location of Mn atoms (5.5 X 5.5 nm? V = 1.0V, I =0.1 nA). (b) Rotation of the BPCN molecule to
the Mn(II) atom and their bonding, where arrows indicate the position of Mn atoms in the complex. (c) dI/dV spectra of Mn atoms in
Mn(BPCN) (blue curve) and compressed Mn,(BPCN) complex (magenta and red curves) taken by the superconducting tip at zero field, where
the zero-field splitting peaks are indicated by blue arrows. Note that the zero-field splitting peaks move toward to high energy after compressed
bonding formed. The dI/dV spectra on bare PbO (black curve) are for comparison. Gray dashed lines indicate the sharp coherence peaks at the

energy of +£(A

tip

+ App). Tunneling junction: V = 10 mV, I = 0.2 nA. Bias modulation: 50 4V, 991 Hz. T = 0.4 K.

ground state will not be directly split by the crystal (ligand)
field and SO, resulting in a small easy-axis anisotropy of single
Mn atoms. Thus, the magnetic anisotropy of the Mn complex
is thought to arise from the mixing of spin excited states and
ground states through high-order perturbation®®’” that is
usually weak.>®*’

By further analyzing the net spin in the spatial distribution
(see the inset in Figure 3(d)) for the Mn-BPCN complex, we
found that the net spin is mainly localized on the Mn atom and
the spin moment is preserved to be the free form of 5 yi5. The
projected density of states (PDOS) of d-orbital for Mn-BPCN
complex (shown in Figure S4) reveals that the molecular
ligand field lifts the degenerate d orbitals of Mn atom and leads
to a change in the d orbital alignment. The actual orbital orders
an energy diagram where dxz_y2 and d,? orbitals remain
degenerate and all the orbitals are singly occupied by electrons
with the same spin direction, preserving high-spin S = 5/2
ground state E; (Figure 3(e)). In this case, the quenched
orbital angular momentum (L = 0) suppresses SOI (Hgoc = AL
x 8), which was required to develop the magnetic anisotropy.
Fortunately, the weak ligand field splits the d orbitals with a
small total energy difference between the ground state and
excited state (E; — E;), as depicted in Figure 3(e). Hence, the
mixing between excited state in *P spin configuration (S = 3/2,
L = 1) and the ground state in the °S term (S = 5/2, L = 0)
facilitates the spin—orbital coupling to enhance the magnetic
anisotropy. In other words, the low-lying excited states could
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couple with the ground state, leading to a large zero-field
splitting of the Mn complex.

This magnetic anisotropy arises from the carbonitrile ligand.
Its value is expected to depend on the coupling of the ligand
field with Mn, which varies with the distance between Mn and
carbonitrile group. To confirm this, we constructed a
Mn,BPCN complex (Figure 4 (a) and (b) show the
manipulation process, where each carbonitrile group of
BPCN is bonded to one Mn atom), in which the distance
between two Mn atoms (1.21 nm, see Figure 4(b)) is shorter
than the length of free BPCN (1.71 nm, see Figure 2(b)).
Thus, the BPCN molecule was considered to be compressed
(Mn atoms do not move during the manipulation), and the
distance between Mn and carbonitrile are supposed to be
smaller than the free-standing case. Figure 4(c) shows the
spectrum taken on Mn,BPCN at zero field. As expected, the
zero-field splitting of the two Mn atoms in the compressed
structure increased to 0.85 and 0.90 meV, respectively. These
values are larger than the anisotropy values observed in
common Mn molecular compounds.

The controllably constructed Mn complex on PbO can be
considered as a prototype of molecular magnets.”® The PbO
insulating layer is essential here because it allows us to observe
the intrinsic properties of magnetic structures. We demon-
strated a bottom-up way to tune the ligand field at the single
molecule level and study the induced magnetic behavior. In
principle, a 2D molecular magnetic network could be built
using this approach. Further studies could involve different
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magnetic atoms with different types and numbers of ligands.
This research result is of great importance for designing
molecular magnets or spin nanostructures with desired
properties.
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