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We investigate the magnetic coupling of Ni centers embedded in two-dimensional metal-coordination
networks self-assembled from 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecules on Ag(100) and Au
(111) surfaces. X-ray magnetic circular dichroism measurements show that single Ni adatom impurities
assume a spin-quenched configuration on both surfaces, while Ni atoms coordinating to TCNQ ligands
recover their magnetic moment and exhibit ferromagnetic coupling. The valence state and the ferro-
magnetic coupling strength of the Ni coordination centers depend crucially on the underlying substrate
due to the different charge state of the TCNQ ligands on the two surfaces. The results suggest a
superexchange coupling mechanism via the TCNQ ligands.
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Low-dimensional magnetic nanostructures show inter-
esting phenomena with a high potential for their integra-
tion in magnetic recording, spintronic, and sensing devices
[1-3]. Besides bulk materials, considerable effort is dedi-
cated to the synthesis and investigation of single molecule
magnets and also to their deposition on surfaces [4-9].
Particularly, the magnetic properties of molecules with
spin centers were intensively investigated on various met-
als revealing the importance of hybridization and charge
transfer at the molecule-metal interface [10-17].

Here, we follow a different strategy by assembling
molecule-based magnets directly on surfaces by magneti-
cally coupling several periodically arranged metal centers
using organic ligands. Achieving this goal is similarly
challenging since the adsorption on a metal surface can
significantly modify the chemical and electronic state of
both organic and inorganic components. Particularly, the
magnetic moments of the metal centers can be considerably
reduced or even quenched due to screening by surface
electrons [18-22]. Also, the chemisorbed organic ligands
can undergo appreciable electron transfer and associated
bond order changes [23,24].

Previous work demonstrated that highly ordered two-
dimensional metal-organic structures can be readily pro-
duced via self-assembly of metal atoms and organic ligands
codeposited on metal surfaces [25]. The coordination net-
works are fabricated with a high control over composition
and structure. The metal adatoms form rather strong and
directional coordination bonds to the ligands, which effec-
tively decouples the metal adatoms from the surface yield-
ing a more atomic, localized electronic structure of the
metal centers [26,27]. Recent experiments showed that
Fe centers incorporated in an organic network possess
high spin moments where the magnetic anisotropy can be
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controlled through the ligand environment [27]. However,
the metal centers behave as independent paramagnetic
units and the ligand mediated magnetic coupling was not
achieved so far.

In this Letter, we show by means of scanning tunneling
microscopy (STM) and x-ray absorption spectroscopy
(XAS) that Ni atoms and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) molecules form ordered adlayers on Ag(100) and
Au(111) surfaces and exhibit ferromagnetic behavior. In
contrast, Ni adatom impurities are nonmagnetic on both
surfaces. Our experiments show that the d-electron occupa-
tion in the networks depends on the substrate, being close
to d° and d® on Ag(100) and Au(111), respectively. This
difference is ascribed partially to the charge state of TCNQ
on the surfaces and to the associated different electron
transfer channels between ligands and Ni adatoms.

Polarization-dependent XAS experiments were per-
formed at the beam line ID08 of the European
Synchrotron Radiation Facility using total electron yield
detection. Magnetic fields were applied collinear with the
photon beam at sample temperatures between 8 and 300 K.
Reference [28] provides details of the experimental setup.
Data for the TCNQ/Ag(100) adlayer were acquired at the
HE-SGM beam line at BESSY. A linear background was
subtracted for clarity. The metal substrates were prepared
by sputter-anneal cycles. TCNQ (98%, Aldrich) was sub-
limed (T = 400 K) from a quartz crucible onto the sub-
strate at 300 K. The subsequent Ni deposition was followed
by annealing to 350 and 400 K for Au(111) and Ag(100),
respectively, to promote the network formation. On Ag
(100), distinct Ni-TCNQ, adlayers with x = 1, 2, 4 can
be prepared at appropriate Ni:TCNQ concentration ratios
[29], whereas on Au(l111) only x = 1 networks form.
The sample preparation was verified by STM before
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FIG. 1 (color online). STM topographs of Ni-TCNQ networks
on (a) Au(111) and (b) Ag(100) surfaces. On Ag(100), two
structures with the same stoichiometry coexist. The superposed
models indicate the Ni (spheres) coordination arrangement.
(Constant current STM: from top left to bottom right I = 0.28,
0.5, 0.26, 0.2 nA; sample bias V = 1.3, 1.2, =2, =13 V; T =5
(a) and 300 K (b).

transferring the samples to the x-ray magnetic circular
dichroism (XMCD) chamber without breaking the vac-
uum. Ni impurities were deposited onto clean surfaces
directly in the XMCD chamber with the sample at 8 K to
avoid clustering and alloying of Ni atoms.

Figure 1 shows STM topographs of Ni-TCNQ networks
on Au(111) and Ag(100) with a stoichiometry of 1:1 that
were investigated in this study. Each molecule forms four
bonds to Ni atoms via its cyano groups (cf. models in
Fig. 1). On Ag(100), two isomeric structures coexist,
i.e., with alternating and parallel alignment of TCNQ
molecules [Fig. 1(b) adapted from Ref. [29]], while
on Au(l11) only the parallel alignment was found.
Moreover, the networks on Au(111) are inhomogeneous
and grow only in small domain sizes (= 10 nm). The Ni
centers form a lattice with a spacing of 7.2 X 11.3 A? and
11.9 X 11.9 A? in the domains of parallel and alternating
TCNQ ligands, respectively.

Figures 2(a) and 2(b) show XAS spectra recorded at the
Ni L,; edge with linear polarization for impurities and
networks on Ag(100) and Au(111). Note, that because of
the low coverage the Ni XAS is superposed to a tempera-
ture dependent extended x-ray absorption fine structure
background of the substrates. Background data are exem-
plarily shown in Figs. 2(c) and 2(d). The Ni coverage is
estimated to 0.03 and 0.02 monolayers for the network and
impurity samples, respectively. The latter is determined
from the XAS L; intensity in comparison with the net-
works. The spectra of Ni impurities on both surfaces are
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FIG. 2 (color online). XAS and XMCD of Ni-TCNQ and Ni
impurities on (a),(c) Ag(100) and (b),(d) Au(111). Note that
because of the low coverage the Ni XAS is superposed to the
XAS background of the substrates. (a),(b) XAS with linear
polarization parallel to the surface (in-plane) and at 20° to the
surface normal (out-of-plane). (B =50 mT; Ni-TCNQ
T =300 K, Ni impurities T = 8 K) (c),(d) XAS with circular
polarization at 0° (normal) and 70° (grazing) incidence and the
corresponding XMCD spectra. (B =5 T, T = 8 K) The sub-
strate background XAS is shown for normal incidence for a
better identification of the Ni XAS features.

nearly identical and show a single and narrow L; peak at
852.8 eV and an almost vanishing L, intensity. The small
x-ray linear dichroism (XLD), i.e., the difference between
spectra with out-of-plane and in-plane polarization of the £
vector, signifies a larger fraction of empty states with out-
of-plane lobes. The spectra differ clearly from bulk ferro-
magnetic Ni, where the ground state is proposed to be a
mixture of @, d°, and d'° configurations [30-32]. Here, the
XAS resembles that of a d° system where the nearly
vanishing L, edge suggests that only transitions from the
initial j = 5/2 to the final j/ = 3/2 states occur [33].
Further, a satellite feature present in bulk samples [30]
that is ascribed to configurational mixing [31] is absent
for the impurities.

The XAS data of the Ni-TCNQ networks exhibit pro-
nounced differences. First, the spectra are shifted to higher
photon energies by about 1.5 eV, which indicates the
formation of strong chemical bonds to TCNQ resulting in
charge depletion at the Ni atoms. The linearly polarized
XAS for Ni-TCNQ/Ag(100) show a single L; peak and
pronounced L, intensity with satellite features 3.5 and
4.5 eV above the main L; intensity. Further, the out-of-
plane spectrum reveals a hump 1 eV above the reduced
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FIG. 3 (color online).
vs magnetic field (T = 8 K).

L5 onset. The strong XLD indicates an electronic ground
state with a single in-plane hole, and thus a predominant d°
character resembling that of Cu ions in the CuPc/Ag(100)
system [28]. The satellite features are attributed to config-
urational mixing of d® and d° states due to bonding to the
cyano groups of the ligands [31,34] and interaction with
the surface electrons [10]. The Ni centers on Au(111)
behave differently as evidenced by the weak XLD in
Fig. 2(b) and a spectral shoulder at the low energy side
of the L; peak. However, the satellite features 2.8 and
4.2 eV above the main peak resemble that on Ag(100).
Compared to the XAS of the impurities also the L, edge
shows small XLD having higher intensity for the out-of-
plane polarization. The relatively small XLLD demonstrates
an isotropic distribution of holes in the d shell. Moreover,
the presence of multiplet features further indicates that the
Ni centers on Au(111) are closer to their atomic d® state.

The XAS spectra for parallel (I*) and antiparallel (/™)
alignment of the photon helicity with the magnetic field B
at normal (0°) and grazing (70°) x-ray incidence are
presented in Figs. 2(c) and 2(d). The corresponding
XMCD spectra, defined as I~ — I, are shown at the
bottom of the panels. The nearly vanishing XMCD of the
Ni impurities demonstrates that their magnetic moment is
quenched on both surfaces, in line with previous reports
[18,19], but in contradiction with a theoretical prediction
[22]. Hence, we conclude that Ni adatoms hybridize
strongly with the substrate and are spin-quenched due to
strong correlation effects [35].

In contrast, the XMCD of coordinated Ni atoms shows
sizeable magnetic moments. The anisotropic line shapes
reflect the low coordination environment of the metal
atoms similar to the XLD. On Ag(100), the apparent strong
anisotropy of the XMCD is ascribed to the giant aniso-
tropic contribution of the spin dipole moment (7',) due to
the @’ character of the ground state [28,36]. Further, at 0°
the XMCD spectra exhibit clear satellite features 3.1 and
3.9 eV above the L5 and L, edge, respectively, and show a
small shoulder 0.8 eV at 70° above the main L3 peak. The
XMCD spectra on Au(111) differ clearly from the Ag

Magnetization curves for Ni-TCNQ structures on (a) Ag(100) and (b) Au(111) obtained as the L3 peak height

substrate. Here, the line shape shows pronounced differ-
ences between 0° and 70°, particularly at the satellite
feature 2.7 eV above the L; peak. While the main XMCD
features are similar on both surfaces, the anisotropy of the
spectral intensity is smaller on Au(111) in line with the
XAS analysis. These observations suggest that different
bonding and electron transfer channels are present in the
networks on the two substrates, as will be discussed below.
The magnetic interaction between the individual Ni
centers is revealed in the magnetization curves obtained
as the XMCD L; peak intensity (T = 8 K) normalized to 1
at B =35 T for comparison (see Fig. 3). On both surfaces
the magnetic susceptibility shows no apparent anisotropy.
However, on Au(111) the curves show a stronger S shape
compared to Ag(100). Already the weak S shape for the Ag
sample suggests a small ferromagnetic coupling between
the Ni centers. Fitting the curves with a Brillouin function
yields a moment of S;;; = 2.7 [assuming an isotropic g = 2
factor; this is justified by the small orbital moments
obtained from the XMCD sum rule analysis (see below)].
This value suggests a large orbital moment, since we
expect a S = 1/2 system for a d° shell, which is unlikely
for a single-hole system in a low crystal field environment.
For comparison, Fig. 3(a) shows also the magnetization
curve of uncoupled S = 1/2 spins. The experimental data
show clearly a higher susceptibility. The ferromagnetic
coupling is even more evident on Au(111) [Fig. 3(b)],
where the Brillouin function fit yields a large moment of
Sk = 12.9. Note that the fit differs strongly above 1 T from
the experimental data. The behavior of a paramagnetic
S =1 system (assuming a d® shell) is plotted as well.
We interpret the considerably stronger susceptibility of
the networks as ferromagnetic coupling between the Ni
centers, since the large fitted Sy moment cannot be attrib-
uted to a sizable orbital moment or magnetic anisotropy.
This interpretation is further corroborated by the analy-
sis of the spin and orbital moments employing the XMCD
sum rules (see Table I) [37,38]. In the analysis, the iso-
tropic XAS is approximated by 3/2(I* + I~) and obtained
by subtraction of the substrate background XAS. The
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TABLE I.  Spin and orbital moments per hole determined from
the XMCD sum rules. Estimated error is 20%.

S/ hole L. /hole
0 Ag(100) Au(111) Ag(100) Au(111)
0° 0.84 1.00 0.076 0.14
55° 0.58 0.14
70° 0.19 0.41 0.036 0.13

uncertainty in this procedure accounts for the relatively
large error of 20% for the moments. While this is a good
approximation for the rather isotropic spectra on Au(111),
the XAS at grazing incidence for Ag(100) was multiplied
by 2/(cos*70° + 1) to account for the strong XLD [28].
Since the exact number of holes is not known, we report the
effective moments per hole. Both systems show a strong
apparent spin moment anisotropy. For the Ag(100) system
we attribute this behavior to the strong anistropy of the
T, contribution to the effective spin moment S, ¢ =
S. + 7/2T, [28]. For the Au(111) sample the magnetiza-
tion is close to saturation at 5 T; hence, the T, term must
also be strongly anisotropic. Both systems possess small
but non-vanishing orbital moments. While on Ag(100) the
orbital moment has an out-of-plane component twice as
large as the in-plane component, there is nearly no aniso-
tropy on Au(111). In both cases, the small magnitude of the
orbital moment on Ag(100) [28] and the absence of orbital
moment anisotropy on Au(111) are in agreement with the
nearly isotropic magnetization curves [39].

Both networks on Ag(100) and Au(111) are similar
in structure; i.e., single Ni atoms coordinate to four
TCNQ ligands forming a quasirectangular superstructure.
However, the valence state and the strength of the magnetic
coupling of the Ni centers exhibits pronounced differences
while the adatom impurities are very similar on the two
substrates. We attribute this behavior partly to the charge
state of the molecules on the different substrates as evi-
denced by the nitrogen K-edge XAS spectra shown in
Fig. 4. TCNQ adsorbs weakly on Au(111) and remains in
its neutral form [40]. The XAS spectra resemble that of
TCNQ powder [23]; however, the strong angular anisot-
ropy is due to the flat molecular adsorption geometry.
In contrast, on Ag(100) TCNQ is negatively charged as
evidenced by the disappearance of the first resonance at
397.4 eV in the nitrogen XAS. This behavior is very similar
to TCNQ adsorbed on Cu(100) [23]. Upon coordination to
Ni atoms the nitrogen XAS is nearly identical for the Ag
(100) system, whereas on Au(111) electrons are donated
from Ni to the molecules resulting in the redistribution of
spectral intensity and charging of the molecules similar to
the Ag(100) surface. Thus, we ascribe the different elec-
tronic configurations of the Ni centers in the networks
partly to the distinct charge states of the free ligand on
the two surfaces. Other important contributions to the
magnetic coupling and electronic state of the Ni centers
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FIG. 4 (color online). Nitrogen K-edge XAS spectra with
linear polarization parallel (0°) and nearly perpendicular (70°)
to the surface for (a) Ag(100) and (b) Au(111) (300 K). Upper
spectra: molecular phase, lower spectra: Ni-TCNQ.

on the two surfaces lie in the details of the coordination
geometries as well as the orientation of the ligands on the
surfaces.

To obtain further information on the magnetic coupling
strength, we simulated the magnetization curves for
Ni-TCNQ/Au(111) with a model spin Hamiltonian H =
—J Y. S;8; + gBY.;S; with nearest neighbor interaction
only using a Monte Carlo scheme for a two-dimensional
grid of § = 1 spins (g = 2, T = 8 K). The result agreeing
best with the data was obtained with J = 0.27 meV and is
shown in Fig. 3(b) (MC S = 1). The magnitude of the
exchange constant J indicates that a surface mediated
RKKY interaction is unlikely [41,42]. We ascribe the
ferromagnetic coupling to a superexchange mechanism
via the TCNQ ligands as in the bulk compounds [43].
Further, the relative strength of the superexchange interac-
tion on the two substrates is attributed to the different
charge transfer channels in the Ni-TCNQ bonding. The
stronger ferromagnetic coupling on Au(111) could be due
to the direct bond formation and electron transfer between
Ni adatoms and TCNQ ligands. Furthermore, the low
hybridization of the molecules with the Au surface would
hinder the screening of the ligand spin by surface electrons.

In summary, we have shown by means of XMCD that the
magnetic moments of Ni adatom impurities on the surfaces
of Au(111) and Ag(100) are quenched in agreement with
earlier experimental observations [18]. Upon coordination
to TCNQ the Ni atoms recover their magnetic moments
and show ferromagnetic coupling. The electronic configu-
ration and strength of the magnetic coupling depends
crucially on the susbtrate, with stronger ferromagnetic
interaction on the Au compared to the Ag surface. The
results suggest a superexchange coupling mechanism via
the negatively charged TCNQ ligands. The difference in the
coupling strength and the electronic structure is traced back
partly to the distinct charge state of TCNQ and charge
transfer mechanisms between Ni and ligand molecules on
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the two surfaces. The results demonstrate the direct syn-
thesis of planar two-dimensional metal-organic magnets on
metal surfaces that opens up a new route in the design,
fabrication and investigation of low-dimensional magnetic
materials at surfaces. The metal centers can be effectively
decoupled from the metal surface by lateral coordination
bonds and the magnetic coupling can be mediated and
tuned through the organic ligands. Future experiments
may address the tuning and enhancement of the magnetic
coupling between the metal adatoms embedded in the
organic matrix.
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