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ABSTRACT: Orientational configuration and electronic
states of Gd@Cg, bonding to Cu(111) have been thoroughly
investigated by low-temperature scanning tunneling micros-
copy/spectroscopy (LT-STM/S) and differential conductance
mapping complemented by first-principles calculations. We
clarify that individual Gd@Cs, energetically adopts tilting
adsorption configuration with the scanning tunneling spec-
troscopy (STS) states readily assigned to the Cg, cage/
Cu(111) hybrid states and the Gd/cage hybrid states,
respectively. Moreover, upon assembling and sufficient thermal
activation, Gd@Cg, fullerenes are inclined to restore the
energetically favored tilting orientational configuration similar
to an individual one. This suggests the feasibility of high-level
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integration of single-Gd@Cg, based moletronic device with the performances almost unchanged by two-dimensional
arrangement. Furthermore, by rationalizing the inter-Gd@Csg, interaction induced slight energy offset of the electronic states, we
qualitatively confirm the shown electronic hybrid states as Cu(111)-, Cq, cage- and Gd-dominant hybrid states, respectively.

B INTRODUCTION

Endohedral metallofullerenes (EMFs) have attracted remark-
able attention worldwide owing to their potential application in
the fields of biomedical and electronic devices, orsganic
photovoltaics, and nanomaterial sciences, and so on.'™ For
instance, it is reported that nanopeapod encapsulating Gd@Cg,
fullerenes modulate the bandgap of single-wall carbon nano-
tube,”” which stimulates great interest in the unique electronic
features of Gd@Cg, for extraordinary application in spin and
electronic devices. The electronic features of Gd@Csg, relate to
the exchange of electron between endohedral Gd and Cy, cage,
and to the situation of their coupling.”*’ Accordingly, studies
of the location of the encaged Gd in Cg, and the coupling
between them have stimulated considerable interest from both
experimental and theoretical aspects, raising the controversies
surrounding the geometry and electronic state of Gd@Cg,."~ "
More recently, the position of the encapsulated metal Gd and
the reasonable electronic states of this system are clarified using
spatially averaged diffraction techniques and theoretical
calculations.'®"” Most striking, however, is that while
constructing the Gd@Cg,-based moletronic device, the
performances are closely associated with the particular
orientation of the carbon cage with respect to the electrode
substrate and the hybridization between them.'' Moreover,
studying its electronic hybrid states upon assembling on
electrodes is certainly of crucial importance in seeking the
feasibility of two-dimensionally integrating single-Gd@Csq,-
based moletronic devices with uniform performances.
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Thus far, a few studies have been documented for Gd@Csq,
bonding to commonly used electrode materials, for example,
Ag(OOl),18 Cu(111),"”*° and Cu(001),***' demonstrating that
the lattice spacing and symmetry of the underlying electrodes
greatly affected charge transfer between the substrate and the
Cg, cage and/or between the endohedral metal and the Cg,
cage, resulting in the discrepancy in geometrical arrangement
and molecular orientation of Gd@Cg,. Additionally, since
gadolinium has a large effective magnetic moment, 7.94 uB, the
off-center location of Gd*" ion inside Cg, cage induces a large
molecular dipole moment.”” The resulted dipole—dipole inter-
Gd@Cg, interaction unavoidably mediates the electronic
characteristics of Gd@Csg,.

In the present study, by employing low-temperature scanning
tunneling microscopy/spectroscopy (LT-STM/S) and differ-
ential conductance mapping as well as first-principles density
functional theory (DFT) calculations, we study the assembly
and electronic states of Gd@Cg, on Cu(111). We choose
Cu(111) as a model surface, owing to its relatively weaker
interfacial interaction with Gd@Cg, than other copper faces
(e.g, Cu(001)),”° which is the benefit of comprehensively
investigating the molecular states of Gd@Cyg, and evaluating
the impacts of inter-Gd@Cg, interaction on them. Here, we
clearly reveal the interfacial binding geometry and orientational
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configuration of isolated Gd@Cg, on Cu(111) and reasonably
assign the scanning tunneling spectroscopy (STS) states to Cg,-
cage/Cu(111) hybrid states and Gd/cage hybrid states,
respectively. We also demonstrate the temperature-activated
changes in the molecular orientation of Gd@Cg, from
randomness to order. Until sufficient thermal activation at
850 K, the in-plane inter-Gd@Csg, interaction induces Gd@Csg,
preferentially adopting tilting orientational configuration. In
addition, we gain deeper insight into the origin of the STS
states by evaluating the impacts of inter-Gd@Csg, interaction on
the hybrid states of Gd@Csg,.

B EXPERIMENTAL DETAILS

The experiments were performed in an ultrahigh-vacuum
UNISOKU LT-STM system (base pressure <1 X 107'° Torr).
A single-crystal Cu(111) (MaTecK, Germany) was cleaned by
repeated sputtering and annealing. Temperature was monitored
by an infrared pyrometer and calibrated by a thermal couple.
After thoroughly degassing at 800 K, Gd@Cg, was sublimated
at 820 K onto Cu(111) held at about 200 K with a pressure
better than 8.0 X 107'° Torr. All STM topographies were
recorded in the constant-current mode with bias voltage V
applied to the sample and were processed using WSxM.”* The
dI/dV curve was obtained by the lock-in technique with a
modulation signal of 12 mV (rms) and 777 Hz, during which
STM tip was kept at a fixed position.

DFT calculations were performed using the Vienna ab initio
simulation package.”* Electron—electron exchange and correla-
tion interactions were described within the generalized gradient
approximation by employing the Perdew, Burke, and Ernzerhof
function.”® In order to account for electron—ion interactions,
the projector augmented wave method has been used.”® The
electronic wave functions were expanded in plane waves with a
kinetic energy cutoff of 400 eV. For geometry optimization,
Cu(111) was modeled with a hexagonal S X S supercell slab
consisting of two atomic layers with a vacuum thickness of 10.0
A separating the slabs. The bottom Cu layer was fixed, and the
upper Cu layer of the supercell (containing Gd@Cg,) was fully
relaxed in the calculations. The structures were relaxed until the
residual forces were smaller than 0.01 eV/A. A single I point
was used in sampling the Brillouin zone due to the numerical
limitations. For accurately analyzing the interaction strength
between substrate and Gd@Cg, as well as the inter-Gd@Cg,
interaction, the van der Waals interactions were corrected by
the vdW-DF2 method.”” Spin polarization was included
through all the calculations.

B RESULTS AND DISCUSSION

In the very initial adsorption stage of Gd@Cg, on Cu(111), a
perspective view is shown in Figure 1, where Gd@Csg, fullerens
are observed as bright features. GA@Csg, fullerens bind at the
step edges with a preference of locating at lower terraces as
consequences of electron transfer from charge-rich Cu(111)
surface to Gd@Cg, and the Smoluchowski effect.”® Most of
Gd@Cy, exist as individual ones, whereas some aggregate into
(Gd@Csg,), clusters along the step edge. Formation of
metallofullerene cluster had been inte?reted by considering
the pairwise interfullerene interaction.”” As evidenced in the
inset, intramolecular details of the isolated Gd@Cg,, for
example, the one labeled by the black box, are observed as a
striped pattern.

Figure 1. (a) STM image (Vyyppie = 3.00 V, I, = 10 pA, 100 nm X 100
nm) of Gd@Cg, initially adsorbed on Cu(111) kept at 200 K. (Inset)
Intramolecular details of the isolated Gd@Cg, labeled by black box
showing stripes pattern (V, = 1.60 V, I, = 20 pA).

sample

A detailed energetic dependence of electronic states was
checked by conducting differential conductance spectra on
individual Gd@Cyg,. Because the dI/dV spectrum is sensitive to
STM tip termination, the good condition of the Pt—Ir tip was
verified by checking the standard spectrum (inset in Figure 2a)
of the pristine Cu(111) before acquiring every dI/dV curve.
The dI/dV curves obtained on isolated Gd@Cg, are exactly
consistent, demonstrating the same adsorption configuration of
individual Gd@Cg, with respect to Cu(111). As shown in
Figure 2a, the dI/dV spectrum is acquired from 1.00 to 3.00 V
by positioning STM tip at the center of the Gd@Cg, labeled by
the black box. The obtained curve reveals six STS states
centered at 1.13 eV (A), 1.34 eV (B), 1.56 eV (C), 1.71 eV
(D), 2.00 eV (E), and 2.24 eV (F), respectively. Previously,
Grobis et al."* acquired dI/dV spectra on an isolated Gd@Cg,
residing on the edge of Ag(001). Within our detected bias
range, three molecular states were revealed at 1.00, 1.32, and
1.66 eV. However, the origin of the shown states was not
clearly clarified. With similar bias range as our case, Zhao et
al.*® also probed the dI/dV spectra on a single Gd@Cg, located
at Cu(111) step edge. However, only three main states were
revealed at 0.80, 1.20, and 1.75 eV. Maybe the potentially
different Gd@Cg,/Cu(111) interfacial binding geometry lead
to different energy positions from the molecular states obtained
here. It is worth noting that our dI/dV spectrum reported here
exhibits aboundant states E and F, which were never concerned
in previous STS experiments.' >’

Thanks to the first-principles calculation, the interfacial
binding geometry and the nature of the STS states can be well
elucidated. The left panel in Figure 2b shows the theoretically
calculated total density of states (DOS) of isolated Gd@Csg,
bound to Cu(111) with corresponding orientational config-
uration shown in Figure 3a. We note that the calculated
orientational configuration is energetically optimized, in which
the topmost copper atoms are relaxed to adapt Gd@Cg, with a
little displacement from their bulk positions. To assign the
shown electronic hybrid states, we calculate the projected DOS
(right panel in Figure 2b) for the bottom carbon atoms of Gd@
Cy, binding with underlying copper, the binding copper atoms
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Figure 2. (a) The dI/dV curve obtained on individual Gd@Cyg, labeled
by black box in Figure 1. (Inset) The dI/dV spectrum acquired on
pristine Cu(111). (b) (Left panel) Theoretically calculated total DOS
for energetically favored structure of isolated Gd@Cg, on Cu(111),
where peak positions are indicated by A’—F’. (Right) The projected
DOS for the C atoms binding with the copper, the underlying Cu
atoms and the endohedral Gd atom, respectively. The dashed lines
indicate the peak positions of the dI/dV curve.
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Figure 3. (a) The calculated energetically favored rotational
configuration (R1) of Gd@Cs, bonded to Cu(111) and corresponding
STM simulation. The purple, gray, brown and yellow spheres indicate
the Gd, C, topmost Cu, and 2nd Cu atoms, respectively. The Cu (1—
10) vectors deduced from calculation are indicated by blue arrows. (b)
dI/dV mappings at energy states A—F showing spatial distributions of
the local DOS of black box labeled Gd@Csg, in Figure 1.

and the endohedral Gd atom, respectively. Comparison of STS
spectroscopy with the projected DOS clearly indicates that
energy states A—C are dominated on the bottom carbon atoms

and the underlying copper. They could be principally related to
the hybridization of the Cu 3d electrons with the z-electrons
constituting Cg, skeletal C—C bonds.”® The projected DOS
also confirms that STS states D—F are readily relevant to Gd/
cage hybrid states with majority contribution of endohedral Gd
for states E and F.

STS spectra for metallofullerenes, including Gd@Csg,, have
been verified to closely relate to molecular orientation.’" Since
the energy position of the calculated molecular states A'—F’ is
well consistent with that of STS states A—F, it is reasonable
that theoretically proposed energetically favored rotational
configuration (Figure 3a, hereafter referred to R1) reflects the
orientational configuration of isolated Gd@Cyg, with respect to
Cu(111). Surprisingly, the side view, as depicted in the middle
panel in Figure 3a, reveals that the C,, axis of Gd@Csq, tilts
slightly upward from the substrate, suggesting a tilting
adsorption configuration with endohedral Gd atom locating
away from the surface. Previously, it is reported that Gd@Cg,
molecules tended to adopt standing-up adsorption config-
uration with the Gd atom pointing toward Cu(001) substrate.”'
However, as a consequence of chemisorbing to Cu(111), Ce@
Cg, were observed to have a range of orientations with
endohedral Ce atom far away from the surface.” It seems that
charge transfer between the substrate and the Cg, cage and/or
between the endohedral metal and the Cg, cage induces
different hybridization with the underlying metals, leading to
different molecular orientations. The resulting potentially
different M@Cg,/substrate bonding geometry would give rise
to the discrepancy in the energy position of the STS
states.'**>*" Corresponding STM simulation (right panel in
Figure 3a) shows striped structures. These characteristics fit
well with available experimental observation (inset in Figure 1),
once again verifying that theoretically proposed Rl orienta-
tional configuration fundamentally provides a clear picture of
the interfacial binding geometry of Gd@Cs, with respect to
Cu(111).

Each molecular state has a unique spatially dependent
distribution as shown in the differential conductance mapping
(Figure 3b) acquired on the black box labeled Gd@Cs, in
Figure 1. Very excitingly, inside the cage one region exhibiting
high electronic density (bright dot) appears at energy states D,
E, and F and vanishes at energy states A—C. It is been inferred
that the region of high spectral density within the spatial
mapping of EMF molecular states was linked with the
endohedral metal/cage hybrid state,” from which it is
concluded that STS states D, E, and F are readily related to
the Gd/cage hybrid states. The relative position of the local
high electronic density inside the cage again reflects the tilting
adsorption configuration of Gd@Cg, on Cu(111).

We gain deeper insight into the nature of the STS states by
evaluating the impacts of inter-Gd@Cg, interaction on the
electronic states of GA@Cg,. In our early study of Gd@Cg,
assemblies, we found that Gd@Cg, adopted “lying-down”
rotational configuration (Figure 2c in ref 19, hereafter referred
to R2) with random azimuthal orientation.'” It is well-known
that varying the temperature could trigger an orientation
transition. To verify this point, further annealing treatment was
applied here. Upon annealing at 550 K, as shown in Figure 4a,
Gd@Cg, fullerens assemble into monolayer island with uniform
apparent height. This is because digging the underlying copper
atoms is entropically favored under every Gd@Cg, at 550 K.
Gd@Cg, are observed as striped structure with varied direction,
implying the discrepancy in the interfacial binding geometry of
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Figure 4. STM image (V
a Gd@Cg, molecular island forming upon annealing at S50 K. (b)
STM image (Vsampl =0.60 V, I, = 40 pA, 10 nm X 10 nm) of a close-

=2.00V, I, =50 pA, 15 nm X 15 nm) of

ample

packed (\/ 19 x \7 19) R23.4° Gd@Cyg, island following annealing at
850 K. For clarity, the unit cell is indicated by the black rhombus. And
the step edge of the two monatomic terrace is indicated by dashed line.
The Cu (1—10) vectors indicated by red arrows are deduced from the
atomic resolution STM image (Inset) of the pristine Cu(111) adjacent
to the GA@Cy, island. (c) The dI/dV curve detected on the center of
the arrow indicated Gd@Cg, with RI orientation, where peak
positions are denoted by values.

Gd@C,,/Cu(111), which demonstrates that Gd@Cg, fullerens
reconstruct the underlying Cu(111) lattice in varying degrees at
550 K

Further annealing at 850 K encourages Gd@Cg, assembling
into close-packed island with almost uniform orientation
(Figure 4b). Considering the commensurability between the
center-to-center distance of Gd@Cg, and the lattice of the
underlying Cu(111), the intermolecular alignment is rational-
ized as (\/19 X \/19) R23.4°/Cu(111) as labeled by a black
parallelogram. By recalling STM-derived intramolecular striped
features along with STM simulations of Gd@Cyg, with R1 and
R2 configuration, and analyzing molecular orientation
population over 30 Gd@Cg, assemblies, we find Gd@Cg,
adopting R1 orientation, in analogy with the energetically
favorable configuration of isolated one, is abundant. It seems
that Gd@Cs, is inclined to rotate from “lying-down”
configuration (R2) to tilting adsorption configuration (R1)
during annealing at 850 K. Sufficient thermal activation at 850
K induces the assembled Gd@Cg, fullerenes resembling the
same interfacial binding geometry as that of isolated ones,
indicative of the feasibility of two-dimensionally integrating
single-Gd@Cg, based moletronic device with performances
almost unchanged.

In general, the assembly of molecules on surfaces depends on
the balance between the in-plane intermolecular interaction and
the molecule—substrate interaction.”” While assembling into an
island, the absence of the second Gd@Cyg, layer implies the
relatively stronger Gd@Cg,—Cu(111) interaction. We further
quantitatively analyze the interaction strength at DFT
calculation levels and find that the Gd@Cg,—Cu(111)
interaction is 0.13 eV stronger than the inter-Gd@Csg,
interaction. Moreover, it was found that the interaction
between metallofullerenes, especially the dipole—dipole inter-
action, for example, induced three predominant orientations of
Dy@Csg, within the assembled island on Au(111),** and gave
rise to the head-to-tail alignment of Nd@Cg,.** At mild
temperatures, the underlying copper atoms are not uniformly
reconstructed by Gd@Cg,, resulting in essentially different
Gd@Cg,/Cu(111) bonding geometry and orientations. This
weakens the in-plane inter-Gd@Csg, interaction, especially the
dipole—dipole interaction, so Gd@C,, adopts random
orientation. Upon annealing at 850 K, Gd@Cg, uniformly
reconstructs the underlying Cu(111), and the assembled Gd@
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Cg, fullerenes sink into the substrate by one-copper-layer-
deep,'” with almost uniform Gd@Csg,/Cu(111) interfacial
character. The in-plane interaction between Gd@Cyg,, enhanced
by the dipole—dipole interaction, makes Gd@Cs, prefer
adopting uniform orientational configuration. Recently, studies
on the interfacial system constructed by copper and Cg, reveal
that spin-ordered states localize at the interface reconstruction
and electron transfer induces magnetic hardening of the
interfacial copper atoms,’® which demonstrates the possibility
of making diamagnetic copper ferromagnetic through control-
ling charge transfer at a copper—fullerene interface via
exploitation of molecular coupling, for example, uniformly
engineering the interface between Gd@Cg, and Cu(111) here.

A straightforward comparison of the electronic states of
assembled Gd@Cg, with that of an individual one provides a
comprehensive picture about the influence mechanism of the
in-plane inter-Gd@Cg, interaction on the electronic features,
which would be helpful for qualitatively addressing the origin of
the STS states. For precise comparison, we choose Gd@Cg,
with R1 orientation, for example, the one labeled by an arrow,
and probe the dI/dV spectrum at its center. As shown in Figure
4c, it is revealed that STS states B, C, and D have energy
downshift of about 0.06, 0.16, and 0.11 eV, respectively. It is
reasonable that states B and C are the Cg, cage/Cu(111)
hybrid states with higher Cg, cage contribution and readily
modified by the dipole—dipole interfulleren interaction.
Furthermore, the energy shifting of state D also verifies the
Gd/cage hybrid state with majority contribution from Cg, cage.
Note that energy state A remains unchanged, indicative of the
cage/Cu(111) hybrid state with higher Cu(111) contribution,
which further proves the essentially identical Gd@Cg,/
Cu(111) interfacial character as that of the individual one.
Additionally, the energy position of states E and F for Gd@Cg,
also remains unchanged upon assembling, in line with the
PDOS results that they belong to the Gd/cage hybrid states
with major contribution of endohedral Gd.

B CONCLUSION

The interfacial geometry, adsorption configuration, the nature
of electronic hybrid states, in-plane intermolecular interaction
assisted assembly and modified electronic states of metal-
lofullerene Gd@Cyg, were systematically studied. Compelling
evidence for the energetically favored tilting orientational
configuration of isolated Gd@Cg,, such as DFT calculation and
STS mapping, were provided. We clarify that Gd@Cg, fullerens
prefer restoring the tilting orientational configuration by
balancing the Gd@Cg—Cu(111) interaction and the inter-
Gd@Cg, interaction, especially the dipole—dipole interaction,
upon assembling and sufficient thermal activation. This
provides a useful guideline for high-level integration of single-
Gd@Cg, based moletronic device with performances almost
unchanged. Moreover, by comparing the electronic hybrid
states of assembled Gd@Cg, with that of individual one, we
provide new insight into the impact of the inter-Gd@Cg,
interaction on the electronic states, and qualitatively attribute
the shown Cg, cage/Cu(111) and Gd/cage hybrid states to
Cu(111)-, Cg, cage- and Gd-dominant hybrid states,
respectively.
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