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Abstract
We report on thefirst example of a self-assembled rare earth cluster superlattice. As a template, we use
themoiré pattern formed by graphene on Ir(111); its lattice constant of 2.52nmdefines the
interparticle distance. The samarium cluster superlattice forms for substrate temperatures during
deposition ranging from80 to 110K, and it is stable upon annealing to 140K. By varying the
samarium coverage, themean cluster size can be increased up to 50 atoms, without affecting the long-
range order. The spatial order and thewidth of the cluster size distributionmatch the best examples of
metal cluster superlattices grown by atomic beam epitaxy on template surfaces.

1. Introduction

The fabrication of nanostructure superlattices has attracted a lot of attention in recent decades. Clusters of
nanometric sizes display unique properties, neither seen in bulk nor in the individual atoms of the respective
element [1]. In addition, the ability to create clusters with identical sizes and shapes, and to arrange them in
ordered arrays has great importance for both fundamental research and for applications. For example,
equidistant,monodisperse and equally orientedmagnetic clusters have uniformmagneticmoments and
coercivity. Therefore, they are the best candidates for application inmagnetic recordingmedia of the future.
Similarly, dense arrays of identical clusters are candidates for catalysts with improved performances.

Oneway of fabricating cluster arrays is the bottom-up approach by atomic beam epitaxy (ABE) in ultrahigh
vacuum (UHV) conditions [2]. Atoms are evaporated onto a template surface, where they diffuse and nucleate
clusters on preferential sites. In this way, periodic arrays of seeds form, reproducing the symmetry and the
period imposed by the template [3–15]. Cluster size and shape can then be controlled to a certain extent by
varying the amount of deposited atoms (coverage), the substrate temperature during deposition (Tdep) and the
annealing temperature after deposition (Tann). Long-range spatial order and narrow size distribution
characterize the high quality arrays.Well known examples of templates for the assembly ofmetal cluster
superlattices are the dislocation network that two layers of Ag formonPt(111) to release the stress generated by
the latticemismatch [16], the reconstruction forming at the surface of Si(111) [17–19], Au(111) [20, 21] and the
vicinal Au surfaces [6], themoiré patterns observed for graphene (gr) [9, 22, 23] and hexagonal BN (h-BN)
[24, 25] grown onmismatched transitionmetal substrates, or the hexagonal array of holes in the alumina bilayer
formed by high temperature oxidation ofNi3Al(111) [7, 26].

So far, only arrays of clustersmade of transitionalmetals have been successfully grown on such templates,
while the formation of rare earth superlattices has never been reported despite their potential inmagnetic and
catalytic applications. The large spin–orbit coupling of the highly localized 4f orbitals of rare earths can lead to
largemagnetic anisotropy [27, 28] overcoming the values observed in 3dmetals [29, 30], thus allowing for
magnetic remanence in very small clusters. For example,magnetic remanence has been recently reported for Er
trimers at 3K [31], while trimersmade of 3d elements (Fe) exhibitmagnetic bistability only at 0.3K [32].
Moreover, bimetallic clustersmade of 4f-3dmetalsmaywell show very large coercive fields, similarly towhat is
observed in bulk [33]. In catalysis, rare earth oxides showhigh selectivity in the formation or decomposition of
numerous chemical compounds [34–38].
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Herewe demonstrate the self-assembly of a rare earth cluster superlattice by ABEusing the graphenemoiré
pattern formed on Ir(111) as a template. Sm atoms order in cluster superlattices for deposition temperatures
ranging from80K to 110K. The interparticle distance of 2.52 nm is defined by themoiré period, with a single
Sm cluster nucleated permoiré unit cell. The spatial order is preserved up to the Sm coverage yielding amean
cluster size of 50 atoms. The long-range order and thewidth of the cluster size distribution sets the Sm
superlattice among the best examples of cluster arrays grown byABEon template surfaces.

A similar study carried outwithDy reveals the absence of order. The observed cluster densities as a function
of deposition temperature suggest that the adatomdiffusion barrier ofDy is lower than that of Sm, in agreement
with the calculations of diffusion barriers on free-standing graphene [39].We attribute the formation (lack) of
the Sm (Dy) superlattice to the delicate balance among the adatomdiffusion barrier, the differences in adatom
binding energies on the graphenemoiré, and theCoulomb repulsion between the adatoms induced by a charge
transfer from rare earth to graphene.

2. Results and discussion

We investigated the nucleation of Smon gr/Ir(111) bymeasuring the island density as a function of deposition
temperatureTdep for a Sm coverage 0.08SmQ = monolayer (ML), with oneML corresponding to one rare earth
atomper Ir(111) unit cell. Immediately after deposition, the sample temperature was lowered to 80%of the
deposition temperature in order to freeze surface diffusion and avoid any post-deposition effects [40]. The
samplemorphology has been characterized by scanning tunnellingmicroscopy (STM), formore information
see the appendix. The cluster density nx, expressed inML, is the number of islands per Ir(111) unit cell, and is
shown in the Arrhenius plot infigure 1(a). Since themoiré pattern is a (9.32×9.32) superstructure with respect
to Ir(111) [41], one cluster permoiré unit cell corresponds to n 1.15 10x

2= ´ - ML, or nlog 1.94x = - .
When comparedwith the STM images shown infigures 1(b)–(f), one can distinguish four regimes. Thefirst

starts at the lowest investigatedTdep of 56Kand goes up to 78K. The clusters are disordered, seefigure 1(b), and
their density is higher than themoiré cell density. The second regime, ranging from80Kup to 110K, exhibits
an excellent orderwith one cluster per unit cell and these clusters are placed at identical sites within themoiré
unit cell, see figure 1(c).We attribute the fact that nx is slightly smaller than one island permoiré unit cell to
graphene defects that give rise to empty cells which can also be identified infigure 1(c). Above 110Kwe enter in a
third regimewhere the order is lost, but themean density stays at around one island permoiré unit cell, see
figure 1(d). Above 130K, the density sharply decreases and then reaches another stationary value forTdep up to
200K, figure 1(e). Finally, the fourth regime is characterized by a progressive Sm intercalationwith almost full
intercalation taking place forT 280dep = K, see figure 1(f). At this temperature, the intercalated atomsmove over
large distances to form extended islands, as for Eu on gr/Ir(111) [42].

To quantify the degree of spatial order and characterize the order-disorder transitions as a function of the
deposition temperature, we use a procedure proposed for superlattices of 3Dnanocrystals [43]. It is based on the
quantitative analysis of the radial decay of the 2D-autocorrelation function (2D-ACF) derived from the TEM
and, in the present case, the STM images. Aswewill see below, this allows us to quantify the differences between
superlattices that appear to be of a very similar quality to the eye. The 2D-ACF exhibits its globalmaximum in
the image center (r= 0) and, for ordered systems, satellitemaximawhich lie along the high symmetry directions
of the superlattice. The position of these satellitemaxima corresponds to the superlattice period. Their intensity
is correlatedwith the degree of order including periodicity of the unit cells as well as uniformity of the shape and
center of themass of themotif. To exemplify the analysis procedure, we show infigure 2(a) the STM image of a
Sm cluster superlattice grown at 100 K and, infigure 2(b), the corresponding 2D-ACF. The radial profile of the
2D-ACF is shown infigure 2(c). Its envelope isfitted by the following function:
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A∞ is the asymptotic height of the satellite peaks as r goes to infinity. Thefirst Gaussian termdescribes the
central peak of the 2D-ACF. The height f0 of this peak is related to the sample roughness [44–46] and is therefore
sensitive to non-uniformities in cluster shapes, height and randomvoids, such as empty cells in our case.
Apparent height variations due tomodifications of the tip shape from image to image also contribute to the
spreading of the f0 values. Thewidth 0s is usually set to one third of themean interparticle distance [43], in our
case 0.83 nm0s = . f andσ in the secondGaussian, togetherwithA∞, are the parameters characterizing the
long-range order of the superlattice. Small f and highA∞ values indicate good long-range order. Twofigures of
merit, ξ andκ, have been introduced to quantify the superlattice quality [43]:

A f A 2x = +¥ ¥( ) ( )
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ξ ranges from1 for perfect superlattices to 0 for completely disordered systems and expresses the degree of long-
range order by quantifying the decay of env(r) amplitude.κ indicates over which distance this decay takes place
as it contains thewidth of the secondGaussian.However, this parameter gives useful information in addition to
ξ only for ordered systems, sinceκmaywell be high in disordered samples where both f andA∞ are small.

For the Sm superlattice, a long-range order is observed forTdep ranging between 80Kand 110K,with 100K
giving the highest value of 0.75x = , as shown infigure 2(d). In this regime,κ is larger than 30nm. From the 1D
profile of theACF, we deduce an interparticle distance of (2.52± 0.02)nm, demonstrating that the clusters
nucleate in registry with themoiré pattern. The very large apparent size of the Sm clusters, imaged as occupying
almost the entiremoiré unit cell, hampers a clear identification of the adsorption site. Assuming an identical
adsorption site for the clusters as the one observed forDy single atoms [49], the atop region in themoiré unit cell
[9]would be the preferential site. Themain sources of disorder are the vacancies, their number is 12±2%of the
moiré cells. Outside the 80K–110K temperature range, ξ decreases below 0.2.

Having introduced the above figures ofmerit, in table 1we compare the degree of the long-range order of the
Sm cluster superlattice with self-assembled island superlattices reported in the literature.With 0.75x = , Sm/

gr/Ir(111) is among the oneswith the best long-range order. The only other system implying rare earth atoms
are Eu clusters on gr/Ir(111) [42]. It is characterized by 0.32x = and thus its long-range order is significantly
lower.We underline that some superlattices characterized by a uniform island size show low ξ owing to irregular
island shapes and to the randomly shifted position of the island center ofmass with respect to a defined location
in the cell.

Figure 1. (a)Arrhenius plot of the Sm cluster density as a function of Tdep. Black squares indicate VT-STMmeasurements and blue
ones data takenwith a 4KSTM (see the appendix). (b-e) STM images of Sm clusters on gr/Ir(111) for 0.08SmQ = ML. (b)
T 78dep = K, disordered regime (V 1.0 Vt = + , I 50t = pA). (c) T 110dep = K, one cluster permoiré unit cell and these clusters are
situated at identical positionswithin themoiré, graphene defects are causing some empty cells (V 1.3 Vt = - , I 75t = pA). (d)
T 120dep = K, the density stays constant but the order is lost (V 0.7 Vt = - , I 50t = pA). (e) T 140dep = K, density is below one island
permoiré unit cell (V 0.6 Vt = - , I 50t = pA). (f) T 280dep = K, 0.16SmQ = ML, intercalated islands (orange), appearance of
clusters (white) in the second layer (V 1.1 Vt = - , I 60t = pA).
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The long-range order of the Sm cluster superlattice is preserved up to a coverage of about 0.5SmQ = ML.
For samples grown atT 90dep = K, ξ only slightly decreases from0.62 ( 0.08SmQ = ML) to 0.56
( 0.5SmQ = ML) andκ from30.6 to 18.4nm, respectively. For coverages above 0.5ML the clusters start to
coalesce.

In addition to the long-range order, a second parameter defining the quality of a cluster superlattice is the
width of the cluster size distribution. For 0.08MLof Smdeposited at 110K, this distribution is shown in the
inset offigure 3 together with aGaussian fit (see the appendix for the size distribution analysis). The half width at
halfmaximum (HWHM) of the size distribution is 0.31 0.01SDs =  . This value is roughly half the one

0.59SDs = expected for a homogeneous nucleation [2], equals thewidths observed for several superlattices
grownon template surfaces [9, 15, 50–54] and is very close to the best result of 0.20SDs = [4, 8].We note that a
narrower size distributionwith 0.15SDs » has been reported formagic clusters of Ga [55] orAl [18] on Si(111)-
7×7.However, this result applies exclusively to clusters consisting of 6 atoms (magic size). For the present
system, twomain factors contribute to thewidth of the size (s) distribution. Thefirst is the cluster coalescence
which takes place above s S 3.2= , where S is themean island size, and affects 4±1%of the islands. The
second is the non-uniform island height, with 90±2%of the islands beingmono-layered and the remaining
ones being bi-layered.

We investigated the thermal stability of the Sm superlattice bymeasuring the cluster density as a function of
the annealing temperatureTann (see figure 3). The density remains constant up to 140K, fromwhich it reduces
exponentially, leading to a progressive loss of order. This onset temperature can be related to the cluster–
graphene interaction. On gr/Ir(111), clusters of similar sizes (coverage< 0.25 ML) show an onset temperature
for the coarsening of 160K for Au, and of 550K for Pt and Ir [11]. The high thermal stability observed for Pt and
Ir is a consequence of the covalent bonds formed between the atoms in the cluster and the graphene layer,
forcing an sp 2 to sp 3 re-hybridization of C [56], while aweaker bond is expected for Au due to its completely
filled d5 -shell [11]. The low onset temperature observed for Sm, even lower than for Au, suggests aweak Sm–

graphene bond.
In order to investigate whether the superlattice formation is a general property of rare earth elements on

graphene/Ir(111) or specific to Sm,we carried out similar experiments withDy. For deposition temperatures

Figure 2. (a) STM image of Sm clusters grown at T 100dep = K (V 1.1 Vt = - , I 60t = pA). (b) 2D-ACF of the image (a); the vertical
direction is the slow scan direction and exhibits less order as it ismore affected by distortions due to thermal drift. (c) Line-profile
along a high symmetry direction of the 2D-ACF in (b) and of the envelope fit with equation 1 (dashed red line). (d) Figures ofmerit ξ
andκ characterizing the order as a function of the deposition temperature.
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ranging from47K to 210K ( 0.07DyQ = ML), we did not observe the formation of cluster arrays. A cluster
density close to the graphenemoiré density is found forT 70dep = K, seefigure 4(a), which is lower than the 80K
measured for Sm. This observation suggests a lower diffusion barrier forDy compared to Sm, in agreementwith
theoretical calculations on the free-standing graphene [39], which represent a good approximation given the
weak interaction between graphene and Ir(111) [57]. Additionally, we observe that intercalation starts at a
temperature lower than Sm, namely at about 210K. Figure 4(b) shows an STM image and the corresponding
2D-ACF of a sample grown at 70K. The quantitative analysis gives 0.27x = . The absence of order suggests that
the adatomdiffusion barrier and the corrugation of the graphenemoiré potential are not the only parameters
responsible for the superlattice formation. A third ingredient is theCoulomb repulsion between rare earth
adatoms induced by the charge transfer from adatoms to graphene [39, 42, 58]. Depending on the temperature,
this repulsion hampers nucleation and leads to the formation of a 2D adatom gas fromwhich clustersmay
nucleate by direct impingement of the incoming atoms on top of the adatoms. This nucleation channel
competingwith lateral attachment leads to disorder. This suggests that a certain balance between the adatom
diffusion barrier, graphenemoiré potential, and the adatom–adatomCoulomb repulsion is required for the
superlattice formation.

3. Conclusion

Wehave studied the nucleation of Sm andDy on themoiré pattern formed by gr/Ir(111).We observe the
formation of a cluster superlattice for Smdeposition between 80Kand 110K,whereasDy clusters are
disordered for all investigated deposition temperatures. The long-range order of the Sm superlattice has been
evaluated in comparisonwith examples of transitionmetal cluster arrays from the literature. The present case is
thefirst well-ordered, self-assembled superlattice for a 4f element. Its long-range order is competitive to the best
results obtained for transitionmetals. The Sm cluster size distribution has aGaussian shapewith

0.31 0.01 nmSDs =  . Superlattices of Sm clusters with an average size of nine atoms lose the order by

Table 1. Figures ofmerit characterizing the long-range order for different cluster superlattices grown byABE
on template surfaces. ξ andκ are calculated from the published data.κ in units of the pitch are rounded to the
nearest integer. For vicinal surfaces, ξ andκ have been evaluated along and perpendicular to the steps, and for
the Au(111)- ( 3 22´ ), reconstructed along the 1 1 2[ ¯ ]direction. For superlattices with 0.4,x k< is not
representative of the long-range order extension.

System ξ κ Pitch κ Tdep

(nm) (nm) (pitch) (K)

4f Sm/gr/Ir(111)a d 0.75 31.8 2.53 13 100

Eu/gr/Ir(111)b [42] 0.32 — 2.53 — 35

Dy/gr/Ir(111)a d 0.27 — 2.53 — 70

3d Rh/gr/Ir(111)e [14] 0.87 40.4 2.53 16 130

Co/Au(788) 2 1 1[¯ ] [8] 0.76 55.8 3.5 16 130

Pt/gr/Ir(111)b [11] 0.76 22.3 2.53 9 300

Ir/gr/Ir(111)b [9] 0.75 28.4 2.53 11 300

Rh/gr/Ir(111)a e 0.73 39.7 2.53 16 110

Fe/2 MLCu/Pt(111) [4] 0.73 24.6 4.8 5 250

Al/Si(111)c [18] 0.73 21.8 2.69 8 473

Ir/gr/Ir(111)a [12] 0.67 12.1 2.53 5 300

Co/GdAu2/Au(111) [15] 0.62 19.1 3.8 5 300

Mn/Si(111) [19] 0.61 26.6 2.69 10 353

Co/Au(11,12,12) 0 1 1[ ¯] [6] 0.61 20.2 7.2 3 300

Co/Au(788) 0 1 1[ ¯] [8] 0.51 32.4 7.2 5 130

Ag/2 MLAg/Pt(111) [4] 0.46 17.7 7.0 3 110

Co/h-BN/Rh(111) [10] 0.46 11.6 3.2 4 4.2

Pd/Al2O3/Ni3Al(111) [7] 0.44 26.7 4.5 6 300

Fe/(NC-Ph5-CN)3Cu2/Cu(111) [13] 0.43 43.8 5.0 9 10+ann.

Fe/Au(111) 1 1 2[ ¯ ] [47] 0.37 — 7.3 — 300

Co/Au(111) 1 1 2[ ¯ ] [3] 0.35 — 7.3 — 300

Ni/Au(111) 1 1 2[ ¯ ] [48] 0.32 — 7.3 — 300

a Full graphene layer.
b Graphene patches.
c Honeycomb lattice.
d Presentwork.
e Unpublished results.

5

New J. Phys. 19 (2017) 123021 DMousadakos et al



annealing at 140K, suggesting aweak Sm–graphene bonding. The Sm superlattice formation opens the
possibility to grow periodic arrays of two-element clusters, for example SmCo5, which is one of the strongest
magnets discovered so far, without the need of an additional seeding element.
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Appendix. Sample preparation andmeasurement details

The experiments have been performed in two ultrahigh vacuum (UHV) chambers. Thefirst has a base pressure
of 6×10−11mbar and is equippedwith a variable temperature STM (VT-STM) operating down to 70Kand a
magneto-optical Kerr effect (MOKE) setupwith all optical components in vacuum [54]. The second has a a base
pressure of 5×10−11mbar and houses a low temperature STMoperating down to 5K [59]. The Ir(111)
crystals were prepared in both systems by cycles of Ar+ ion sputtering (0.9 keV, 2 μA/cm2) at room temperature
and at 1120K, followed by annealing at 1500K. The graphene layer was grownon Ir(111) by exposing the
crystal surface at a temperature of 1400K to 100 Langmuir of ethylene [41, 60]. At this temperature the
hydrocarbons decomposewhen interacting with the surface, Hdesorbs leaving only the carbon atoms to form
the graphene. At the chosen ethylene exposure temperature, graphene growth is self-limiting to a single
graphene layer that overgrows substrate steps, like a continuous carpet [60].

Sm andDywere deposited fromhigh purity rods (99.9%) heated by electron bombardment. The rods have
been degassed for about onemonth to obtain a pressure p 7 10 11= ´ - mbar during deposition. The
deposition flux for Smwas set to 5.5 10 4´ - ML/s for the first UHV setup and 2.8 10 4´ - ML s−1 for the
second. ForDy, the deposition flux usedwas 2.4 10 4´ - ML s−1 for thefirst system and 2.7 10 5´ - ML s−1 for
the second. In thefirst setup, the evaporation flux calibration has been performed on samples grown at 280 K
(520 K) for an amount of Sm (Dy) corresponding to 30%–50%of the surface. Both elements intercalate and
form single layer patches. For the Sm (Dy) packing, we assume a 2×2 structurewith respect to the graphene
lattice, similar towhat has been reported for intercalated Eu on gr/Ir(111) [61, 62]. In the second setup, the

Figure 3.Arrhenius plot of the cluster density nx as a function of Tann after depositing 0.08SmQ = MLat T 80dep = K. Inset: Sm
cluster size (s) distribution for the as grown sample at T 110dep = K. The average cluster size is S=9 atoms.
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evaporation flux calibration has been performed by depositing about 1%ofMLof Sm (Dy) at 10 K on gr/Ir(111)
and by counting the number of deposited atoms. Taking into account the evaporation source stability over time
and, for thefirst setup, the imprecision due to tip convolution effects in the covered-area evaluation, we estimate
a 10% error on the coverages given in the text. All STM images were recorded in constant currentmode. In order
to avoid tip-induced cluster displacement consequences of theweak Sm–graphene bond, we employed tunnel
parameters (R 20 Gt  W), ensuring a large tip–sample separation. Samples were cooled down right after each
deposition to avoid cluster diffusionwhile setting up the STM. The STMdatawere processed using a freeware
image processing software [63] and our home-written software.

Themeasured size distributions are strongly affected by tip convolution effects and the corrugated graphene
background, also hindering the determination of the 3D cluster shape. For the evaluation of the cluster size, we
therefore considered only those pixels corresponding to an apparent height larger than half the height of single
layer clusters. The associated pixels aremultiplied by the number of layers, which corresponds to the assumption
of cylindrical-shaped clusters.

Figure 4. (a)Arrhenius plot ofDy cluster density nx for 0.07DyQ = MLas a function of Tdep. (b) STM image for T 70dep = K
(V 1.0 Vt = + , I 100t = pA). At this deposition temperature the cluster density is close to themoiré cell density. Inset: 2D-ACF of the
image in (b), indicating short-range order.
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