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Abstract: We have investigated different inter-atomic spin interactions in graphene regulated Mn
atomic clusters by low-temperature scanning tunneling microscopy and magnetic field dependent
inelastic spin excitation spectroscopy. All dimers observed exhibit an antiferromagnetic (AFM) singlet
ground state and spin transition from the singlet to triplet states, but their AFM coupling strength
shows unique dependence on their site registration on the graphene template, which agrees well with
density function theory (DFT) calculations. Even more importantly, intriguing spin coupling can be
found in the graphene mediated Mn trimers, which manifest multi-level spin excitations. In
combination with Heisenberg spin modeling and first-principles numerical simulation, exclusive
non-collinear spin configuration of Mn trimer regulated by the graphene template can be determined,
and our observed experimental exchange energies cannot be understood by direct spin exchange
mechanism, but suggesting non-local Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect spin
exchange mechanism through substrate modulation, which has not yet been achieved in graphene so
far. Our results of both dimers and trimers unanimously suggest that the graphene/Ru substrate acts as
not only a unique molecular template but also a host lattice to mediate local and non-local spin

interactions in Mn clusters.
PACS numbers: 74.55.+v, 75.10.Jm, 75.30.Hx,75.75.Lf

+These authors contributed equally to this work.
*Correspondence and requests for materials should be addressed to H. M. Guo (e-mail:

hmguo@iphy.ac.cn)




Magnetic nanoclusters represent an ideal toolbox to understand atomic scale spin interactions and
size evolution of magnetic properties, as well as to construct functional spin based nanodevices as
building blocks [1, 2]. Such magnetic nanostructures are typically fabricated by either epitaxial or
lithographic techniques on limited choice of substrates [3, 4], or by atomic manipulation with various
scanning probe approaches [5, 6]. Nevertheless, they are all either hard to control at the very small
scale or slow process requiring demanding fabrication time. Recently, graphene has exhibited many
attractive physical properties desirable for spintronics, including for example small spin-orbit
coupling and long spin diffusion length [7-14]. Moreover, periodically rippled graphene modulated by
its underneath substrate has been demonstrated to act as a unique atomic scale template for molecular

self-assembly to tailor molecule-molecule interactions or molecule-substrate interactions [15-19].

Study of direct assembly of magnetic atoms on graphene surface, however, has been lacking, but
it represents an emerging class of magnetic nanostructures that can potentially possess template
modulated interatomic magnetic interactions uniformly at the nanoscale [20-25]. Additional
importantly, intimate contact between graphene and metal substrate can modify electronic properties
of graphene through, for example, local distortion of atomic orbitals of carbon atoms arising from
periodical structural fine-tailoring in a moiré superlattice [26] as well as conduction carrier doping via
electron transfer mechanism [27-30]. This can therefore provide a new avenue to mediate and tailor
spin exchange interactions among magnetic atoms in a cluster, resulting in new magnetic properties
uniquely defined by graphene template that will be otherwise challenging in current existing
techniques. For example, doped conduction carriers in graphene can potentially act as a host to
mediate non-local spin interactions through Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect
exchange process, which has been ubiquitously studied on a variety of metal substrates but related

work on graphene has been lacking [31-33].

In this letter, we have investigated various atomic scale spin interactions within Mn dimers and
trimers that are regulated by the underneath epitaxial monolayer graphene on Ru(0001) surface. It has
been demonstrated that lattice mismatch between graphene and Ru(0001) surface can induce a
periodical surface corrugation of graphene, forming a unique strained superlattice consisting of three
structural regions in a unit cell: atop, fcc and hep sites (Fig.1(a)). These three regions are defined
based on their different atomic stacking modes, and have manifested distinct structural characteristics

[19, 29, 30] (see Fig. SI(a)). By combining scanning probe imaging with magnetic field dependent
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inelastic spin excitation spectra (ISES), this can allow us to correlate as-measured local spin
spectroscopy with different sized Mn nanoclusters registered at different locations of the rippled
graphene (Fig. 1(a)). For example, antiferromagnetic Mn dimers are found to stay preferentially on the
atop-edge and fcc sites of the graphene/Ru substrate, but with a dramatic difference in the AFM
coupling strength. Importantly, more intriguing spin interactions in Mn trimers have also been
observed. With the assistance of theoretical modeling spin configuration of trimers registered on the
graphene substrate can be determined, which unravels a long-range RKKY indirect spin exchange

interaction.

To achieve small Mn clusters on graphene/Ru(0001) surface, we have first employed a
previously developed technique (Supplementary S1) to epitaxially grow monolayer graphene on Ru
substrate [29, 30] and then deposit Mn atoms in situ at ~20 K [19, 34]. The possibility of
unintentionally doped H atoms onto the Mn clusters can be safely excluded in our experiments [11, 35]
(see Supplementary S3). Under our current deposition conditions, the majority of Mn atomic clusters
are found as dimers, but occasionally trimers are also identified [36-38]. Notably, we have observed a
strong correlation between occupation sites of Mn dimers and moiré pattern: the Mn dimer adsorption
is clearly site-specific on the graphene/Ru(0001) surface, with statistical results summarized in Fig.
1(b). The Mn dimers occupy prevailingly (~80%) the edge position of atop regions of graphene, and
the rest stay at the fcc regions (~ 20%) (see Fig. 1(a) and S2). No dimer is found at the hcp sites. This
observation of preferential adsorption can be attributed to the difference in binding energies of these

sites (see Table 1).

The dI/dV-V spectra of Mn dimers located at the atop-edge and fcc sites (Fig. 1(c)) show similar
symmetric stepwise feature with respect to the Fermi level, suggesting a spin-change transition of Mn
dimers from the AFM to ferromagnetic (FM) states (Fig. 2(a)). This can be confirmed unambiguously
by a more thorough study of magnetic field dependence to reveal evolution of the spin excitation
spectra. The results for the atop-edge site are presented in Fig. 2(b), in which the single step at zero
field splits into three distinct IETS excitation traits. Such splitting indicates spin-flipping transition
from the AFM singlet state (S = 0) to the first excited state of a triplet (S = 1), which splits into |1, 0>
and |1, £1> under the presence of magnetic field. Furthermore, corresponding g-factor can be
determined to be g = 1.86 + 0.02 by linearly fitting the energy shift of step as AmguzB (Am =-1, 0, 1),

and the observed offset (about 0.2 meV) of the triplet straight lines at the zero field is produced by a
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small magnetic anisotropy term [39] (see Fig. 2(c)). Figure 2(d) shows a schematic of spin

configuration of a Mn dimer and their excitations under the magnetic field.

However, the zero-field onset energy of spin excitation shows dramatic difference at the different
adsorption sites. The excitation step is located around 10 + 2 mV for dimer at the edge of atop regions,
as compared with 7 + 2 mV for those on the fcc regions. This suggests that the AFM coupling strength
J of the Mn dimers can be locally tuned by graphene template. Qualitatively, we believe the
site-dependent AFM exchange energy is due to local spatial modulation of orbital bonding on the
graphene/Ru. In the fcc and hep regions, sp” hybridization in graphene can be corrupted due to strong
coupling between the carbon and Ru atoms with enhanced sp3 characteristics of carbon orbitals. This
has been formerly predicted by comparing the computed projected density of states on p. orbitals of
carbon atom located in different regions of the graphene/Ru [26]. One direct effect of such spatially
modulated local orbital hybridization is to form a stronger bonding with adsorbed Mn atom on top
(that has a half-filled d shell) and to stabilize the FM state of a Mn dimer in the fcc and hcp regions
with enlargement of adsorption energy (see Table 1). This effect can further result in smaller exchange
energy of the Mn dimers accommodated in the fcc region, as compared with that of dimers located in
the atop sites. We have evaluated these effects, and directly compared binding energies (Epy or Earm)
for both the FM and AFM states of a Mn dimer. For both the fcc and atop sites, the AFM coupling
state is found to be the most energy favorable state. Furthermore, the coupling strengths J can be
obtained from the difference between the binding energies in the FM and AFM states (Erm - Earm),
which are determined to be 8.2 and 7.4 meV for the atop-edge and fcc sites, respectively. These
theoretical values agree with our experimental results (Table 1), and the rippled graphene can indeed

offer unique opportunity to finely tailor nanoscale spin interactions as a role of template.

Table 1: Theoretical calculation results of the Mn dimer adsorbed at different sites of graphene/Ru(0001)

surface.
dMn—sub (A) dMn—Mn (A) EAFM (V) EFM-EAFM (meV) JcaL (meV) Jexp4 (meV)
Mn@edge 5.06 2.60 -11.418 123 8.2 102
Mn@fce 4.35 2.66 -11.538 111 7.4 T+2

Erm, Eapm: binding energies of Mn dimer for FM and AFM cases, respectively;
Jeal, Jexp: coupling strengths derived from calculation and measured from experiment, respectively.



Such template effect can also allow formation of even more intriguing robust non-collinear spin
systems with competing FM and AFM exchange interactions, which can be otherwise challenging by
simple assembly of magnetic atoms on a plain substrate [6, 39]. Other than dimers, another stable spin
configuration has been also occasionally observed in our study and can be assigned to be a spin trimer.
As compared with dimers, trimers can possess much more complicated configurations under
regulation of graphene template. For example, we have employed the DFT calculation [40-46] to
evaluate possible stable configurations of trimer adsorbed at the atop-edge region. There exist four
stable spin configurations for small Mn trimer (that is, we only consider the scenario that the
inter-atomic distances within trimer are short enough to allow strong spin coupling), as show in Fig. 3.
Interestingly, in addition to the linear chain configuration in which AFM coupling exists for two
nearest neighboring atoms (Fig. 3(a)), as previously demonstrated for Mn chains on CuN substrates [0,
39], three non-collinear configurations can also become possible on the graphene/Ru substrate due to
three-fold symmetry of hexagonal lattice of graphene substrate (Figs. 3(b) to 3(d)) [13, 14]. Such
regulation through graphene template can therefore give rise to rich spin interactions, including

AFM-AFM-FM and AFM-FM-FM, in an energetically favorable trimer configuration.

Figure 4(a) shows one Mn trimer observed on the graphene template. As compared with the ISES
spectra of dimers, the Mn trimer has manifested much more complex spectral features. Three
symmetric stepwise features appear near the Fermi level at 0.3 mV, 5.8 mV and 10.2 mV at the zero
field, respectively (see Fig. 4(a)). Each of these three peaks manifests a distinct dependence on the
magnetic field strength. With the increase of magnetic field strength, both the first and third steps shift
to higher energy, while the second step shifts to lower energy, as shown in Fig. 4(a). The distinct field
dependencies of these stepwise features are summarized in Fig. 4(b). Their corresponding g factors
can be determined as 2.17 + 0.11, 2.03 £ 0.14 and 1.91 £ 0.17 for the first, second and third steps from

such field dependent measurements, respectively.

These intriguing spectroscopic features can be understood by the Heisenberg spin model. The
spin-assisted inelastic tunneling process should meet the spin excitation selection rules of Am = + 1.
At first, the linear chain configuration can be safely excluded from our scenario (see details in
Supplementary S5). We have further evaluated the other three possible non-collinear triangular
configurations of the Mn trimers. Figures 3(b)-3(d) suggest that the AFM interaction should exist in a

stable triangular configuration. Theoretically, such non-collinear trimer can be constructed by starting
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with an AFM dimer (Atom 1, Atom 2) with release of its coupling to the third atom (Atom 3), as
shown in Fig. 4(c). The ground state |Sa> can be further split due to magneto-crystalline effect, giving
rise to the first excitation step (the dip) at the small bias voltage. The red-shifting of the second step
suggests that the second excited state must be |Sa+1>, which requires an overall FM-like coupling
between the dimer and the third Mn atom (J1,> 0, Jj3 and J>3 < 0), as schematically shown in Fig. 4(c).
This observation can further exclude the configuration shown in Fig. 3(b) that requires two AFM

couplings.

In order to determine spin configuration of the trimer and understand its underlying spin coupling,

we have adopted the inelastic tunneling model to evaluate tunneling current [39]:

evV—sA g
I(V) = XM as=+ Pul(M|S¥|M")]? e (1)
1

_SBEV=sAy )

where [M>, [M’> are the initial and final spin states, Ay, is their energy difference, and §% =
%S¢ is the combined spin operator of the trimer that couples to the tip in the tunneling process.
We found that a trimer with symmetric FM spin coupling (Fig. 3(d), Ji3 = J»3) provides the best
agreement with our experimental data (see also Fig. S5). Figure 4(a) shows our computed
field-dependent spectroscopic curves for a Mn trimer with parameters of Jj,= 8.9 meV, Ji3=J3=-1.3
meV and D = -0.08 meV (where D is the magneto-crystalline anisotropy energy. see Supplementary
S5.), with assignment of the first three spin excitation steps (from |5/2, -5/2>(n = 0) to |5/2, -3/2>(n =
0), |7/2, -7/2>(n = 1), and |5/2, -3/2>(n = 2)) in Fig. 4(d), where n denotes principal quantum number
of electronic state [6, 39]. The transitions indicated by the blue, red and black lines are well consistent
with the observed dependence of all three stepwise features on the external magnetic field, as
presented in Fig. 4(b). Importantly, the corresponding simulated curves reproduce blueshifts of both
the first and third steps, as well as redshifts of the second step at higher fields, and are in good
agreement with our experimental data. Therefore, we can safely assign the spin configuration in Fig.

3(d) for our observed trimer.

Our observation and assignment of non-collinear Mn trimer has immediately raised one
important question concerning the underlying spin exchange mechanism. In particular, the
non-collinear Mn trimer in Fig. 4 has revealed an unusual distance dependent spin coupling between
two confined Mn atoms, switching from AFM coupling with short inter-atomic separation (~ 2.7 A) to

FM coupling at a much larger separation (~ 6.3 A). The measured Jgy value of -1.3 meV at the large
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separation cannot be simply understood by direct spin exchange interaction between two Mn atoms.
We have found that the Jgv due to direct spin exchange mechanism with the same range of
inter-atomic separation is only about -0.2 meV (Supplementary S4), which is almost six times smaller
than our experimental value. This is also consistent with typical rapid decay (i.e. the Bethe-Slater
dependence) of direct spin exchange interaction between two localized magnetic moments [47]. It is
worth noting while direct spin coupling between two magnetic moments at the unusual long distance
has been recently observed due to spatially extended atomically modulated spin texture by atomic
scale hydrogen adsorption [48], this mechanism cannot be applied here because of the absence of H
atoms and different spatial extension feature in our system (see Supplementary S3). As a result,
non-local indirect spin exchange coupling process originating from graphene host needs to be
considered. In the graphene/Ru system, strong electronic coupling can lead to high doping
concentration of conduction carrier in a single layer graphene through the interfacial electron transfer,
which has been experimentally confirmed [27, 28]. These heavily doped conduction carriers in
graphene can therefore provide a host coupling to Mn atoms to mediate their spin exchange
interactions non-locally through RKKY mechanism, with characteristic decay rate of ~1/d°
relationship (where d is the inter-atomic distance). This qualitatively agrees well with our
experimental observation of distance dependent decay of J in the non-collinear trimer: |J23//12] ~
(dr3/di2). We have further evaluated doping carrier concentration in graphene originating from the
intrinsic Ru-graphene contact by following established DFT framework [49], and found that the
doping carrier concentration can be up to ~ 1.0 x 10'* /cm® based on Fermi energy shift [50]. This
estimated carrier concentration provides RKKY characteristic switching length scale in range of 7 A,
which is again consistent with our observation of large FM coupling distance in trimer (~ 6.3 A). All
these experimental evidences unanimously support that the graphene/Ru can indeed mediate non-local
spin exchange interaction through the RKKY indirect process [51-53]. More control experiments in
the future by, for example, comparing trimers confined in different graphene-metal templates with

tunable carriers doping, should shed more in-depth insight of relevant mechanism.

In conclusion, we have demonstrated for the first time observation of unique spatial modulation
of spin coupling in both Mn dimers and trimers that are regulated by the graphene/Ru substrate. Due
to templating effect through moiré superlattice, the Mn nanoclusters are only allowed to occupy

certain atomic sites in a periodically rippled graphene, whose spin configurations can be determined
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by local spectroscopy measurement. In addition, the graphene/Ru plays a significant role in mediating
local and non-local spin exchange interactions, leading to intriguing spin characteristics of different
Mn clusters. Our work opens up a few exciting research fronts: First, template method can allow
formation of uniform and precise spin coupling on a large scale. For example, dimers are found to
preferentially stay at the atop-edge site with larger coupling strength; Second, magnetic nanoclusters
regulated by graphene template can possess intriguing spin coupling that might not be easy to achieve
otherwise, including spin frustrated system; Importantly, spin coupling in this emerging class of
magnetic nanostructures can be finely tailored through their host lattice, representing a new
playground to better understand and control nanoscale magnetism. In the future, by combining with
atomic manipulation [54-56] or maneuvering deposition at different thermal equilibrium conditions
(such as deposition rate and substrate temperature), magnetic clusters resided in different
graphene-metal substrates with different and desirable spin coupling might be achievable, which thus
provides a unique and efficient test bed for exploring various spin couplings, including subtle

Dzyaloshinskii-Moriya interaction [57-61] (see Supplementary S5).
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FIG. 1: (a) Schematic view of Mn atomic clusters adsorbed at different regions with respect to the
moiré pattern of graphene/Ru(0001); (b) Statistical distribution of ~ 100 Mn dimers adsorbed at
different locations. (c) STM images and conductance spectra of Mn dimers adsorbed at different sites,

i.e. @atop-edge and @fcc regions of graphene/Ru(0001) surface.
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FIG. 2: (a) AFM coupling of Mn dimer with 2§ + 1 degeneracy for the S multiplets. (b) Spectroscopic
measurements taken on Mn dimer at B = 0, 5, 6, 7 and 8 T, respectively. Each curve is vertically
shifted for clarity. Inset shows the same spectra over a larger energy range for B field of 0 T and 8 T.
(c) Summary of magnetic field dependence of step energies acquired from the IETS spectra for low
(black squares), medium (red circles), and high (blue triangles) energy steps in (b). Solid lines are
linear fits with E = Eay, + AmguB. (d) Schematic of the tunneling induced transitions between singlet
(10, 0>) and triplet (|1, -1>, |1, 0> and |1, +1>) states at the presence of magnetic field. S and m are the

total spin value and the magnetic quantum number, respectively.
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FIG. 3: Four optimized stable configurations of Mn trimers adsorbed at the atop-edge region on the
graphene/Ru(0001) substrate obtained from the DFT calculations (left), and the sketch diagram of
their corresponding magnetic coupling (right). The optimized Mn configurations can be classified into
two categories according to their inter-atomic spin couplings: AFM-AFM-FM ((a) and (b)) and
AFM-FM-FM ((c) and (d)).
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FIG. 4: (a) (Top) The field-dependent conductance spectra performed on a Mn trimer show several
symmetric stepwise features around the Fermi level. Inset shows STM topography of the Mn trimer
on graphene/Ru(0001) for measurement. (Bottom) Theoretical field dependent conductance spectra of
Mn trimer by using an AFM-FM-FM model (J1,= 8.9 meV, Jj3=J3=-1.3 meV and D = -0.08 meV
for computation). (b) Magnetic field dependence of step energies from the IETS spectra in (a). (c)
Schematic energy diagram of a Mn trimer involving two atoms with antiferromagnetic interaction and
the third one with ferromagnetic coupling to the other two atoms. (d) Illustration of the tunneling
induced spin states transitions at the presence of magnetic field. The allowed transitions meet
selection rule of Am = + 1, which are highlighted by vertical arrows. The n represents principal
quantum number. The (n = 0, 1, 2) indicate the ground state, the first and second excited states,
respectively.
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