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ABSTRACT: An important development in recent synthesis
strategies is the formation of electronically coupled one and two-
dimensional organic systems for potential applications in nanoscale
molecule-based devices. Here, we assemble one-dimensional spin
chains by covalently linking basic molecular building blocks on a
Au(111) surface. Their structural properties are studied by
scanning tunneling microscopy and the Kondo effect of the basic
molecular blocks inside the chains is probed by scanning tunneling
spectroscopy. Tunneling spectroscopic images reveal the existence
of separate Kondo regions within the chains while density
functional theory calculations unveil antiferromagnetic coupling
between the spin centers.
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dvances in spintronic applications such as data storage and

quantum computation rely on the ability to tailor
magnetic transport and spin properties of nanostructures.' >
Recently, great progress in the study of spin-related properties
on single molecules by local probes has been achieved.*”'*
Independently, synthetic routines on controlled polymerization
into one-dimensional molecular wires and two-dimensional
molecular networks have been developed for molecular
electronics.'>™*® Here, we combine both approaches and create
molecular chains containing multiple spins on a metal surface
by polymerization of the ligand structure. Our approach
constitutes a significant step forward because, due to their
large sizes, multi- spmcenter macromolecules are difficult to
thermally deposit intact.'” As such the scheme presented here
appears as a viable strategy for making larger molecules
containing a network of spins compatible with ultrahigh-
vacuum processing.

The molecular chains containing multiple spin centers are
assembled from basic molecular blocks using surface catalyzed
15,20-22

aryl—aryl coupling reactions

R,
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Here, when thermally activated, Br—aryl bonds (I) are
broken and intermediate reactants are formed (II), which then
join to create biaryls ()22 During the reaction process, the
Au substrate acts as a catalyst. In the reaction schematic
presented above, R represents any metal—organic fragment,
which in this case is host to a magnetic Co atom. We chose Co-
(5,5-Br,-Salophen) (Figure 1ab), a salen type complex,”*** to
act as the basic building blocks of the molecular chains after
debromination. In this molecule, the Co™ ion is square-planar
electron
configuration exhibiting one unpaired electron (S = 1/2), and
the two opposing arms of the molecules are functionalized with
bromine for coupling reactions.">**~** The molecules were
thermally deposited onto an atomically clean Au(111) surface
held at room temperature under ultrahigh vacuum. The
molecules form well-ordered clusters on Au(111) (Figure 1c)
mediated by weak intermolecular dipolar interactions at the
(Figure 1d). However, there is no direct
chemical linking between individual molecules. Measurements
were performed by using a custom-built scanning tunneling

tetra coordinated and possesses a low spin d’

.. 23
halogen terminations
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Figure 1. Co-(S,5-Br,—Salophen) on Au(111) in (a) a structure
model after relaxation on Au(111) and (b) as recorded in the
experiment. (c) Self-assembled clusters on Au(111) (U = —200 mV, I
= 141pA) and (d) an illustration of the relative alignment of molecules
as deduced from the experiment.

microscope (STM) system at 6 K. The tunneling spectroscopy
data were measured by lock-in amplification using 2—5 mV rms
modulation (650—1350 Hz).

Formation of magnetic molecular chains requires covalent
linking between the end phenyl groups of the basic blocks after
Br removal. This is realized by raising the Au(111) substrate
temperature to 400 K for 10 min. During this process, a
thermally activated Au-catalyzed aryl—aryl coupling reaction
I-II occurs. After annealing, molecular chains primarily
composed of basic blocks are found on the surface (Figure
2a), and molecular clusters formed by individual molecules are
no longer present. Within chains, the central phenyl-bridge of
the basic blocks can be positioned either parallel or antiparallel
to each other. The molecular structure without the bromine
substituents can be fit into the basic blocks of the chain (Figure
2b) and the distance between adjacent Co centers is
approximately equal to the expected length of the debromi-
nated molecules indicating a covalent linking between the basic
blocks.”® Covalent linking was further confirmed by STM
lateral manipulation® (Figure 2c,d) where the joined molecular
chains are observed to move as fixed units indicating rigid
intrachain binding.

To understand the properties of engineered molecular chains
on the surface, density functional theory (DFT) calculations are
performed with the localized pseudoatomic-orbital basis and
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Figure 2. Molecular chains. (a) Overview image of magnetic molecular
chains on Au(111) (U = 50 mV, I = 300pA). Close up image of a 5-
block molecular chain (b) with the chemical structure superimposed
over the initial image. The molecular chain is laterally manipulated
with the STM tip from (c) to (d), and it remains intact (U = 200 mV,
I'=1000pA; manipulation parameters: U = 200 mV, I = 200 nA, v = 11
nm/s). (e) Calculated molecular chain structure on Au(111).

pseudopotential code SIESTA.>” A user optimized basis set of
double-{ quality is used to describe all the valence atomic
orbitals except for O-2p, N-2p, Br-4p, and Co-4p where
additional polarized orbitals are included. For the gold
substrate, an optimized single { for 6s, 6p, and 5d is used to
calculate the relaxed structure and only the 6s orbitals described
with an optimized single { is considered in the calculations. The
core electrons for each atomic species are described by norm-
conserving Troullier—Martin pseudopotentials*® with nonlinear
core correction.” The generalized gradient approximation with
the standard Perdew—Burke—Ernzerhof (PBE) parametriza-
tion®” is used to describe the exchange-correlation potential.
The DFT calculations show a relatively large distance (2.9 to
3.1 A) between the molecular chains and Au(111), so that the
chains are either weakly chemisorbed or physisorbed.
Calculations also reveal that the basic blocks in the chains
remain in the planar geometry (Figure 2e), and there is no
significant hybridization with the surface, that is, no chemical
bond between the chains and the surface. Moreover, the
ionization potential is found to decrease in absolute value with
length while the electron affinity increases (it becomes more
positive). This is due to the electronic coupling between the
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Figure 3. Kondo resonance. (a) The plot of Kondo amplitudes corresponding to (b) as a function of distance. (b) The distance dependence of the
Fano amplitude observed on the locations indicated as 0, 1, 2, 3, and 4 in (a). (c) STM image of a two-block Kondo chain. (d) A color-encoded
spectroscopic map overlaid with the simultaneously acquired STM image, [U = —5 mV, I = 500 pA, AU = 3 mV, f = 1333 Hz]. (e) Chain length
dependent energy and Ty (average data over multiple chains)** as measured from the middle of the chain. (f) Ty as averaged of entire chains with an

observable even-odd asymmetry.

molecules, which splits the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
in multiplets with bonding and antibonding components. Since
the spin-polarized HOMO is completely filled, the outermost
single particle level of a molecule made by fusing two or more
salophens has antibonding nature, that is, it is higher in energy
with respect to the HOMO of the single molecule. Likewise,
since the LUMO is empty, the lowermost unoccupied state has
a bonding nature and it is lower than the LUMO of the single
molecule. Such increase in the ionization energy and the
decrease in the electron affinity have also been demonstrated in
chain type molecules like polyC-polyG A-DNA strands’' as
well as in polyacetylene, poly p-phenylene, polythiophene, and

polypyrrole systems.*> As a consequence, when the chain gets
longer it is easier to accommodate the extra charge. This
mechanism weakens the molecule-surface (C—Au) interaction.

Each basic block in the chains has an unpaired electron at the
central Co atom. Calculations reveal that the net spin is still
preserved in the basic blocks after covalent linking. If there is a
nonzero net spin, many body interactions between the localized
spin and free electrons from the surface can occur, resulting in
what is commonly called the Kondo effect. This effect may be
observed in dI/dV — V spectroscopic measurements as a Fano
line-shape feature near the Fermi level.~* The specific shape
reflects the competition between tunneling electrons directly
interacting with the localized spin and tunneling electrons
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indirectly interacting with the localized spin through the spin-
correlated surface electrons. The shape of this spectroscopic
feature depends strongly on the substrate—adsorbate coupling
strength and so is largely system dependent.

A Kondo resonance state is clearly observed when dI/dV — V
spectra are recorded above the Co atom locations in the chains.
The observed Kondo resonances are fitted by Fano line shapes
using the relation:**

2
+2 +1
Ao oy E 2L con,
dv 1+ ¢
e = M, and A(r) = a(r)[1 + q(r)z]
kpT

Here, q(r) is the asymmetry parameter, ky the Boltzmann
constant, AE the energy shift from Ep, and A(r) is the Kondo
amplitude. The energy width of the resonance quantifies the
spin-electron interaction strength in terms of the Kondo
temperature, Ty. To further confirm that the feature observed
in spectroscopic measurements is due to the Kondo effect we
have taken spectra along a path from the Co ion site to the
clean Au(111) surface as shown in Figure 3c. These spectra,
reproduced in Figure 3b, were fit with the Fano equation to
extract A(r). The Kondo amplitudes are plotted as a function of
the distance from the Co site (Figure 3a), and are observed to
closely follow the 1/r (where r is the distance from the localized
spin) behavior while the extracted Kondo temperatures remain
constant, as can be expected for Kondo systems.>

In order to gain further insight into the spatial extent of the
Kondo resonance, often dI/dV maps are used to image the
local density of states (LDOS).*® Here, we directly probe the
more sensitive second derivative (d*I/dV?) signal acquired at
the energy of largest change in the LDOS.* In Figure 3d, the
second derivative map is overlaid onto a three-dimensional
representation of the simultaneously acquired surface top-
ography. As observed in Figure 3d, the Kondo active sites are
localized at the Co atoms, and so we have created covalently
bound chains (macromolecules) with multiple spin-interaction
sites from basic molecular units. While the spatial locations of
the Kondo regions are identified via the spectroscopic maps,
the energy widths of the Kondo resonances have to be
determined by varying bias and therefore the dI/dV — V
spectroscopy is a suitable scheme. Interestingly, we find the
Kondo resonance widths, and the corresponding Ty values are
dependent on the number of basic blocks in the molecular
chains (Figure 3e,f) for up to five unit chains that we can form
in the current work. The significant change in Ty values is
indicative for a magnetic interaction among the spin centers.
The average Ty increases with increasing chain length and is
also dependent on the even or odd number of molecular units
within the chains. Such an even—odd asymmetry suggests an
antiferromagnetic (AFM) coupling and as in the ferromagnetic
(FM) case the total spin would linearly increase with the
number of Co centers.

To understand the observed effect, we performed spin
resolved DFT calculations. In general, the Co-d orbital in
planar square geometry splits in a doublet (xz, yz) and three
singlets. Because of the coordination to oxygen and nitrogen
atoms, the symmetry is reduced and the doublet splits further
into two singlets (xz, yz). Therefore, the Co atom has a low
spin state (S = 1/2) with three occupied and one partially
occupied singlets. Because of the planar structure and
respectively, a stronger pr—dz (x) overlapping than a po—do

(o), the exchange splitting in d,, of A, ~1.2 eV is larger than
that of the d,> which accounts for ~0.6 eV. Thus, the d,? is the
HOMO and d,, is the LUMO (Figure 4a). In this electronic
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Figure 4. Theoretical electronic structure. (a) Molecular orbitals with
their associated characters. (b) The 3-block molecular chain on
Au(111) slab used in calculation. (c) Spin-up and down density
distribution (blue and red color plots) within molecular chain; top
view (top) and side view (bottom). (d) AE versus the number of
blocks in the molecular chain.

configuration, the partially unoccupied singlet is a d,, and it
carries the spin of the Co atom. After the removal of the Br
atom, the last C atom of a basic unit remains with an unpaired
electron that is FM coupled to the localized d,, electron of the
Co at the center. Respectively, an antiferromagnetic linker unit
is created during the chain formation when two of such
electrons pair into a singlet state and form a new covalent C—C
bond (Figure 4b). Calculations reveal that the spin densities of
the Co centers inside the chains are localized (Figure 4c) in
accordance with the acquired Kondo map (Figure 3d). Thus, a
possible reason for such even/odd number dependence in Ty
might be due to an AFM coupling between the spin-centers.
Indeed, Tsukahara et al.*” reported the coexistence of Kondo
with AFM in molecular clusters where the coupling is through a
long-range surface mediated RKKY interaction® ** and has

dx.doi.org/10.1021/n1301149d | Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/nl301149d&iName=master.img-005.jpg&w=156&h=399

Nano Letters

been observed for the Kondo widths below 2 meV. In our case,
comparison between the calculated results of the magnetic
interactions inside a molecular chain in vacuum and that on the
substrate shows no significant change in the AFM coupling
strength but only a low spin-density induced into the Au
surface compared to the spin-density residing on the organic
ligand. AFM and FM couplings in the chains increase with the
increasing number of Co centers. Figure 4d shows a plot of AE
as a function of molecular units for molecular chains in vacuum.
This leads us to conclude that the interaction between the Co
atoms in the chains is within the molecule and that the
substrate has little effect for the molecule-surface distance range
(~3 A) considered here.

In summary, our experimental observations demonstrate the
first successful on-surface creation of multispin center macro-
molecules. DFT calculations and spectroscopic measurements
reveal that the molecular spins are magnetically coupled and
remain localized on the Co centers. More importantly, the basic
units are linked via covalent bonding, which might maintain
magnetic coupling for higher temperatures than dipolar and van
der Waals interactions in conventionally self-assembled
structures, which are only suitable up to a few Kelvin.
Extending this approach with heteromolecular catalysis and
design of multifunctional spin systems*' may enable bottom up
engineering of molecular and hybrid-molecular nanospintronic
structures for future applications.
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