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On-surface polymerization of iron atoms and zwitterion quinone (ZQ) molecules on Ag(111)
is studied experimentally under ultra-high vacuum and theoretically in the framework of
density functional theory . The resulting one-dimensional (1D) polymer chain is a promising
model system to study both magnetic and conductive properties in one dimension. Previously
we have shown that such polymer synthesis is possible over large scale by a controlled co-
deposition of the two elements (i. e. metal and molecule) on a Ag(111) substrate (Nano Res.
2017, 10, 933). In that case, polymer chains are bound together to form a two-dimensional
(2D) arrangement of spin chains influencing the magnetic properties of individual chains.
Here we show that individual chains can be obtained using a sequential deposition of first
metals and then ligands by scanning tunnelling microscopy on the Ag(111) surface. Ab-initio
calculations are used to compare the atomic, electronic and magnetic structures of isolated Fe-
ZQ polymer chains (1D) to the previously obtained two dimensional (2D) arrangement of the
polymer chains. The adsorption energy is determined using the spin-polarized generalized
gradient approximation (SGGA) and the SGGA+U approximation. It yields small values of

less than 530 meV per Fe. On the Ag(111) surface, the most favourable adsorption site of Fe



in the polymer chain is the hexagonal-close-packed (hcp) site for the 1D polymer but it
changes to the face-centred-cubic (fcc) site for the 2D polymer. Using both SGGA and
SGGA+U methods, we find a small difference between the two sites: face-centred-cubic (fcc)
and hexagonal-close-packed (hcp). This latter is the most stable adsorption energy when we

add the Hubbard U term to the SGGA method.

Conductive metal-organic frameworks (c-MOFs) emerged recently as promising
candidates in many different application fields as they offer unique possibilities to combine
conductive properties, * magnetic properties *° and catalytic properties. ’ Especially the
prospective of electrical conductivity in MOF’s attracted recently a lot of attention to these
systems in nanotechnology. ®° Many studies have shown that these materials are very good

11,15

candidates for use in devices for electrocatalysis, "**** fuel cells, **** and chemical sensing.

1618 \when synthetized in layered materials. The great originality of these MOF conductive
materials with respect to the insulating MOFs comes from a strong hybridization of the
orbitals of the metal centers with the orbitals pi of the organic molecules giving them good
conduction properties. At the same time, it imposes a state of oxidation Il of the metal centers
responsible for the catalytic properties but also of the magnetic properties in networks whose
architecture is dictated by the organic ligand. Thanks to that it has been possible to synthesize
1D conductive MOF including magnetic atoms. 1D magnetic chains are interesting for several
reasons. First of all, they would allow crucial experiments to answer fundamental questions
on low-dimensional spin systems. *?° Second, they are interesting in the field of spintronics,
where not only the electron charge but also its spin is used for information processing. And

third, spin chain systems are discussed for many possible spintronics applications, going from

magnetic memories up to quantum computing. *°



Recently, it was shown that zwitterionic quinoidal molecules and metallic Fe can
form, after adsorption on Ag(111) or Au(110) surfaces, a well ordered arrangement of spin
chains up to micrometer. ®** The STM and LEED measurements in connection with a
theoretical analysis of the obtained polymer adsorption on Au(110) ° indicate that the
adsorbed polymers adapt their lattice constants to the underlying substrate. Surprisingly, the
polymer lattice constants on Au(110) and Ag(111) substrates differ by 6 per cent and such a
large difference can eventually be explained by two nearly degenerate energy minima for
different lattice constants corresponding to two different spin states (S=1 or S=2) as expected

for spin crossover compounds. °

However, previous theoretical studies were either focused on the electronic and
magnetic structures of free polymers * or treated just the adsorption on the Au(110) substrate.
® Experimentally, only the 2D arrangement of Fe-ZQ polymer chains were reported. On the
other hand, the ab-initio study of isolated free polymers indicated very interesting

perspectives for these new systems, intimately related to their one dimensionality.

In the present communication, we report on two advances with respect to published
work. 3% First of all, the on-surface synthesis of isolated magnetic polymer chains obtained
by sequential deposition and, second, a detailed theoretical analysis of the adsorption of 1D
and 2D Fe-ZQ polymers on Ag(111) detailing the adsorption process and the resulting atomic,
electronic and magnetic properties. Finally, electronic structure calculations allow the

determination of the density of states which informs on the charge transport efficiency.



The zwitterionic quinoidal ligand was prepared as described in the literature. %% All
experiments were performed in a multi-characterization chamber under ultra-high vacuum
(UHV). Zwitterion molecules were evaporated from a crucible held at 430 K. Fe atoms were
deposited from an iron rod (Goodfellow) using an electron-beam evaporator. The experiments
are done with a molecular deposition rate of 0.05 ML-min* calibrated at room temperature.
The resulting synthetic films were characterized using room-temperature scanning tunneling
microscopy (Omicron VT-STM). Images were plane-corrected and analysed using the WSxM

software.

To determine the electronic and magnetic properties of the systems, within the
framework of density functional theory (DFT) periodic calculations were performed using the
Vienna Ab initio Simulation Package (VASP), ?*® in the spin polarized generalized gradient
approximation with an explicit inclusion of the Hubbard U term correction (SGGA+U) of
Perdew and Wang (PW91), 2?8 for the exchange and correlation potential and the Projector
Augmented Wave (PAW) pseudo potentials. 2% The Coulomb correlation in the d shell was
taken into account by a Hubbard term in the form proposed by Liechtenstein et al. ** The
necessity of the SGGA+U method for metal-organic compounds with transition metal ions is
proven by many examples as TM-ZQ, *®* TM-TCNB * or TM-Pc %% where TM is a
transition metal. The correlation energy (U) of 4 eV and exchange energy of J = 0.90 eV is

taken for the Fe d orbitals. To study the polymer on the surface we use a kinetic-energy cut-



off of 480 eV and the convergence criteria for the electronic step was set to 10 eV. The
structure was relaxed until the residual forces were smaller than 0.02 eV/A and we used a first
order Methfessel-Paxton setting with a smearing (SIGMA) of 0.2 eV. The method of
Methfessel-Paxton also results in a very accurate description of the total energy. Only a single
k-point, namely the I'-point, was used. The substrate is simulated by a 5-layer Ag (111)
surface onto which we add the Fe-ZQ layer. The separation distance between the slabs (top
vacuum) is set to 10 A. It was verified that greater separation distances did not lead to
significantly lower energies. The free standing polymer without surface was relaxed until the
residual forces were 10° eV/A and the convergence criteria for energy was 107 eV. The
Brillouin zone was sampled by a k-point set of (8x1x1) for the one-dimensional (1D) free
standing polymer and by a k-point set of (8x5x1) for the 2D arrangement without substrate
using the Monkhorst-Pack k-point mesh. ** Figure 1 shows the atomic structure of Fe-ZQ on

Ag(111) after relaxation in the most stable configuration.

Figure 1: Schematic representation of the 2D Fe-zwitterionic quinone on Ag(111)-

(\/; x\/;) R19° surface. The Fe atoms are in the hexagonal-close-packed (hcp) site,
with the method SGGA+U and U = 4 eV. Left: top view, Right: side view.



On-surface synthesis under UHV is a promising strategy for controlling matter at the
atomic level, with important implications for the design of new one- and two-dimensional
materials having remarkable electronic and magnetic properties. First, we investigate the
behavior of the selected system composed by iron atoms and ZQ molecules on Ag(111).
Figures 2a, b, and c are obtained after sequential deposition of iron atoms on the Ag(111)
substrate maintained at room temperature, the sample is heated to 170°C and the molecules
are deposited on the Fe/Ag(111) substrate. Step edges are decorated with Fe islands of several
hundreds of atoms, of about 5 nm x 5 nm x 0.8 nm. Then the additional deposition of
molecules allows the formation of needles which are 40-100 nm long and have a width of 2
nm. These needles grow on the terraces between the step edges by incorporation of Fe atoms
(coming probably from the Fe islands) in between the ZQ molecules. They are composed at
its periphery by 2 wires with protrusions of 7.6 A periodicity that are compatible with the
formation of 1D polymers. Between these two wires, one can observe the formation of a
complex composed by a central iron atom and two ZQ molecules that is schematically shown
in Figure 1d. These results clearly demonstrate the efficiency of the method, which consists of

deposition of iron atoms and molecules on an Ag (111) substrate.

Figures 2e and 2f are obtained as previously reported® by co-deposition of Fe atoms
and molecules on the substrate maintained at 250°C. 1D polymeric wires with protrusion
separated by 7.6 A are stacked to form two-dimensional (2D) networks. The co-deposition of
quinoid zwitterion molecules with iron atoms on an Ag (111) surface allows the formation of
micrometer-sized 2D materials based on covalent coordination bonds. The structural

arrangement at the atomic level is investigated by scanning tunneling microscopy (STM).



Figure 2: (a, b and ¢) STM images polymeric chains obtained after sequential deposition of
iron atoms on Ag(111) kept at room temperature then the sample is heated to 170°C and
zwitterion molecules are deposited , (d) schematic representation of the Fe-zwitterionic
quinone and (e and f) STM topography of co-deposited Fe atoms and zwitterionic quinone
on the Ag (111) surface heated at 250°C.



In both cases of sequential deposition and co-deposition, the chains are oriented at
+20° from the close-packed direction of the substrate with a periodicity of 7.6 A. It is
important to note that within an individual chain, there is no modulation of the height of the
polymer, indicating equivalent adsorption sites for all the Fe atoms. The only difference
between co-deposition and sequential deposition is the packing of the polymer chains. A
(V7x\7) R19° epitaxial relationship is obtained in the case of co-deposition whereas
individual chains separated by molecules are obtained in the case of sequential deposition.
The lattice parameters used in calculations are set in agreement with this epitaxial
relationship. For the two-dimensional free-standing polymer (2D) the values of a and b are
15.30 A and 13.24 A, respectively, and the total magnetic moment is 2 up per Fe. The local
magnetic moment is 2.06 ug (1.94 ug) for each Fe site corresponding to S = 1 for the SGGA

(SGGA+U) methods, respectively, see Table 1.

Table 1. Lattice constants (a and b) in (A), Magnetic Moments per Unit Cell M, and Local
Magnetic Moments per Fe (M) at Fe Site for the free-standing polymer.

| METHOD aand b () M (p) Mg (Ug)
4

o SGGA a=153 2.064
SGGA+U a=153 4 1.951

a=153
SGGA ey : 2.062

2D a=153
SGGA+U N : 1.946

The objective is the study of the adsorption phenomena constituted by the Fe-ZQ
polymer adsorbed on the noble metal surface Ag (111). From these calculations we derive the
following trends in adsorption energies, geometric, electronic and magnetic structure. As
mentioned above, there is strong experimental evidence that Fe-ZQ polymers adsorb on
Ag(111) surface with high coverage under typical polymer deposition conditions. The length
of the linear chains and the coverage increase with the quantity of Fe atoms. 2! To investigate

the interaction with the substrates, geometry optimizations were carried out where the Fe



atoms were placed over different sites, the top (T), bridge (B), hexagonal-close-packed (hcp)
or face-centered-cubic (fcc) sites on the first layer Ag(111) as illustrated in Figure 1. The
adsorption energy for Fe-ZQ on the surface is defined as Eass = Epolymerisurface — E surface —
Epoymer. This value is confirmed by total energy calculations using spin polarized Generalized
Gradient Approximation (SGGA) and inclusion of the Hubbard U term correction. The
adsorption energies, total and local magnetic moments and geometric parameters of different
configurations of the selected adsorption configurations were calculated (see Table 2 and 3).
The adsorption energy for the stable adsorption site corresponds to the absolute minimum of
the molecule moving on the surface. First, it is clear from Table 2 that the SGGA and
SGGA+U methods give different results for the adsorption energy E.gs and the total magnetic
moment. The hexagonal-close-packed (hcp) site is the most favorable one in the case of 1D
Fe-ZQ polymer on surface Ag (111). The Fe—O (Fe—N) bond length dp.o (drex) Of the
polymer on adsorption was calculated to be 1.88 (1.87) A for the SGGA method. While the
dre-o (dre—n) length increases in the SGGA+U method, dp.—o (dpe-n) rises from 1.88 to 1.91 A
(1.87 to 1.90 A) respectively. The vertical distance between a Fe atom and the Ag(111)
substrate, i.e. the adsorption height Fe-Ag(111) is 2.58 A (2.68 A) within the SGGA
(SGGA+U) method, the distance between the irons atoms (Fe-Fe) is 7.65 A for the
ferromagnetic (FM) configuration. The adsorption energy for the most stable adsorption
configuration is -0.525 eV (-0.263 eV) per Fe atom. The total magnetic moment M is 1.74 ug
(1.93 up) and the local magnetic moment is 1.89 up (1.96 ug) per Fe, when we use the SGGA
(SGGA+U) method, see Table 2. On the other hand, the face-centred-cubic (fcc) site is the
most favorable one for the 2D Fe-ZQ polymer on the surface Ag (111). However, it should be
mentioned that the variation between the two different sites face-centred-cubic (fcc) and
hexagonal-close-packed (hcp) is very small of only 1 ... 3 meV as shown in Table 2. The

adsorption energy for the most stable ferromagnetic configuration is -0.351 eV (-0.175 eV)



for the SGGA (SGGA+U) method. The total magnetic moment of M = 1.90 ug in the SGGA
is smaller than M = 2.01 up in SGGA+U method. Not surprisingly, for both configurations,
SGGA gives the largest adsorption energy and smallest adsorption height. SGGA+U is a very
popular functional, widely used in adsorption studies. Here SGGA+U gives an Eggs of -0.175
eV, with the difference in adsorption energy between the two configurations (1D and 2D)
being only 0.091 eV per Fe atom. It can also be noticed that, for the Fe-ZQ, the energy
difference between two configurations with the fcc and hcp adsorption sites is ~1-3 meV,
which suggests that these two configurations are equivalent at room temperature Present
calculations show that the Fe-ZQ polymer is adsorbed at the hcp site on the Ag(111) surface.
The distances between metal ions (Fe) and Ag surface in the configurations with the lowest
total energy are 2.62, and 2.66-3.52 A for the cases of 2D Fe-ZQ polymers, without and with

the Hubbard U correction, respectively.

Table 2. Adsorption energies E 45 in eV for different sites of the Fe-ZQ on the Ag (111),
distances between the central Fe atoms and the Ag surface are provided (dre.ag, in A), total
magnetic moments (M per Unit Cell, in pg), local magnetic moments of the d orbital at the
TM atoms (M, per TM atom, in pp) for different sites of the Fe-ZQ on the Ag (111) with
the SGGA and SGGA+U (U = 4 eV) methods.

Fe-ZQ/Ag(111) Top Bridge Hcp fcc
E..  -0.396 20.399 -0.525 -0.523

1D dFe—Ag 2.78 2.67 2.58 2.51

M 3.481 3.505 3.482 3.452

SGGA M, 19771945 19371910 1893.1.890  1.880:1.892
E..  -0.288 -0.266 -0.350 -0.351

oo Oreag 284 2.75 2.62 2.64

M 7.334 7.556 7.582 7,576

M, 1937-1.95] 1941.1.948 1910-1.934  1920-1932

E.e  -0.183 20.162 -0.263 -0.262

o Oreng 286 2.82 2.68 2.68

M 4.266 4.248 3.851 3.840

M, 19571955 19681963 19631955 1.964;1.953

SGGA+U E.e  -0.156 -0.151 0172 0175
oo Orens 287-387  282-389  266-352 275367

M 8.447 8.169 8.055 8.190

M, 1933-2013 1936-2.020 1.940-2.032 1.939-2.030
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Since we are interested in the magnetic properties of the systems, the spin-polarized density
of states projected on the Fe(ll) in the adsorbed polymer with the lowest energy
configurations is presented in Figure 3a-b to identify the influence of the Ag surface on the
electronic structures of the adsorbates. First of all, the DOS in Fig. 3 looks very similar to the
DOS of a free standing chain (not shown) besides a certain smearing of the peaks. Also the
position of the Fermi level is almost not shifted showing the absence of any charge transfer
between substrate and polymer chain. The electronic structure provides deep insight into the
interaction between adsorbate and surface. We now analyze the partial densities of states
(PDOS) of the Fe-ZQ polymer on Ag(111). The peak at +0 eV in the SGGA method (Figure
3a) has been shifted to -1.0 eV for the SGGA+U method. In the spin up channel, all peaks are
shifted closer to the Fermi level. We observe that the spin-down dyy and the d orbitals are
completely filled, leaving dy.,» empty for the spin-up as shown in Figure 3 and giving a

magnetic moment close to 2 ug per Fe (S =1).

SGGA
) ) L} ) ) ) L} ) ) L} L} ) LJ J J
10pF . Fe-ZQ adsorbed on Ag(111) iy | |
g kSpin up s Fed a (A
B B
3
3 2
g 0
S
5 -2
S
4
g
2 -6
S
. [Spin down g
-10-||||||a||;| .

[} [ ] [ ]
-109 8 -7 6 -54-3-2-1E1 2 3 4 5 6
Energy (eV)
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SGGA+U

8l Fe-ZQ adsorbed on Ag(111)|—axy |-
] Spin up . Fe-d |—v
! S _ 1 - -dxz

Density of States (states/eV’)

Spin down u
-8-||||||||||51| !

1 1 1
109 -8-7 6 -5-4-3-2-1E12 3 456
Energy (eV)

Figure 3: (a and b) PDOS of the Fe-3d states in the 2D Fe-ZQ on the Ag (111) surfaces
obtained from the PAW-SGGA and PAW-SGGA+U respectively.

The conclusion that can be drawn is that the adsorption, electronic, and magnetic
structure of Fe-ZQ (1D and 2D) adsorbed on Ag (111) surfaces have been obtained by the
modification of the growth conditions. 1D isolated polymer chains are obtained by sequential
deposition of Fe followed by ZQ deposition whereas 2D close-packed arrangements are
obtained by co-deposition of the two precursors Fe and ZQ. These two configurations (1D
and 2D) together with the underlying substrate had been systematically studied using the
SGGA and the SGGA+U approximations within DFT calculations. The hexagonal-close-
packed (hcp) and face-centred-cubic (fcc) site are the most favorable ones for the adsorption
of Fe-ZQ on the Ag (111) surfaces. We have calculated the partial density of states of the Fe-

3d states for the Fe-ZQ/Ag (111) system, as well as the distance between the atoms (Fe-Fe,

12



Fe-N, Fe-O and Fe-Ag). Above all, our results based on electronic structures can give
reasonable explanations and predictions on the existing experimental results from a
theoretical level. We have shown a way to synthesize well separated magnetic chains with
antiferromagnetic nearest neighbour exchange interaction *° on a metallic substrate. This new
strategy will hopefully open a way to study experimentally that well-known model system of

low-dimensional physics.
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