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Using low temperature scanning tunneling microscopy
(STM), we observed a single molecule magnet, Tb*" double
decker molecule TbPc, (Pc = phthalocyaninato), adsorbed
on a perovskite type transition metal oxide SrVOs; ultrathin
film. TbPc, molecules adsorbed intact and flat on two
surface reconstructions of SrVOs;, (\/2X\/2)-R45° and
(V5x/5)-R26.6°, with different configurations. High
resolution STM images revealed that the adsorption
configurations were governed by the adatom structure of
each surface reconstruction according to the proposed
adsorption configurations.

Keywords: Scanning tunneling microscopy, Single-
molecule magnet, Perovskite type transition metal
oxide

Single molecule magnets (SMMs) are attractive for the
application to molecular spintronics and quantum
information processing because of their long magnetization
relaxation time and quantum tunneling of magnetization.'
The terbium double-decker molecule (TbPc,: terbium(III)
bis-phthalocyaninato neutral complex) has been widely
investigated as an SMM, and its deposition onto substrates
has been easily performed by the sublimation in vacuum.*”’
Previously, the electronic coupling between TbPc, and the
substrate was reported to be crucial for the magnetization of
TbPcy: almost no remanent magnetization of TbPc, on
conducting Cu(100) substrate due to their strong electronic
coupling,® while large remanent magnetization with open
magnetic hysteresis loop of TbPc; by inserting an insulating
MgO layer between TbPc, and conducting Ag(100)
substrate.” Therefore, the choice of substrates is important to
tailor the magnetization of SMMs via their electronic
coupling. However, the deposition of TbPc, has been
performed mostly onto metal substrates.

Strongly correlated perovskite transition metal oxides
(TMOs) show exotic quantum phenomena such as high
temperature  superconductivity and  metal-insulator
transition.'” Such strong electronic correlation could change
the electronic coupling between TbPc, and TMO. In
addition, their competing orders at the molecular scale
between e.g. superconductivity of TMO and magnetism of
TbPc, could provide rich playgrounds for novel molecular
electronics and spintronics. Molecular deposition of TbPc,
on perovskite type TMOs has been performed only for
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LaSrMnO; film so far.!" However, adsorption configuration
of TbPc, was not resolved because of the rough film surface

The adsorption configuration has been theoretically
investigated for single-decker Pc molecules on various
substrates.'>!” The attractive force between the molecule
and the substrate was mainly van der Waals interaction. In
addition, electronic hybridization of the out-of-plane
benzene m orbitals with the substrate surface as well as
chemical bonding between the Pc’s central metal ion and the
surface atom contributes to the total attractive force.'®!” In a
previous study, CuPc molecule on SrTiO; substrate with a
(\V5%/5)-R26.6° surface reconstruction was anchored by the
surface reconstruction at room temperature, indicating an
important role of the surface reconstruction for the
adsorption  configuration,'® although the adsorption
configuration of CuPc on SrTiO; has not been resolved.

Perovskite SrVOs is an archetypal strongly correlated
oxide!™ and its epitaxial thin film can be obtained by
standard ultrahigh vacuum deposition techniques.?!?2
Recently, we performed in-situ observation of SrVOs;
ultrathin film by using low temperature scanning tunneling
microscope (STM), revealing coexistence of  (V5xV5)-
R26.6° and (V2xV2)-R45° reconstructions for ultrathin films
thinner than 10 unit cells (UC) (~3.8 nm) and a nanoscale
metal-insulator transition in the nanowire.?>** In this letter,
we report observation of TbPc, molecules on SrVOs;
ultrathin films by using low temperature STM to reveal the
adsorption configuration of TbPc, molecules on SrVOs.
TbPc, molecules adsorbed intact on SrVO;, and their
adsorption configuration depended on the two surface
reconstructions of SrVOs, suggesting a principal role of the
surface reconstruction for adsorption configuration of TbPc;
on SrVOs;.

Preparation of TbPc, was described elesewhere.* All
reagents for synthesizing TbPc, were purchased from Wako
Pure Chemical Industries, Ltd., TCI, Strem Chemicals, Inc.
and Sigma-Aldrich Co. LLC., and used without further
purification. SrVOs (001) ultrathin film was epitaxially
grown on Nb (0.05wt%)-doped SrTiOs (001) single crystal
substrate (Shinkosha Co., Ltd.) by using pulsed laser
deposition with a base pressure of 5 x 107!° Torr. A nearly
single-phase Sr;V,0; polycrystalline target (Kojundo
Chemical Laboratory Co., Ltd.) was ablated by KrF excimer
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laser (A = 248 nm) with a pulse frequency of 2 Hz and a
laser fluence of 1 J/cm?. Prior to growth, the substrate was
heated at 500 °C for 2 hours under ultrahigh vacuum (UHV)
followed by annealing at 1000 °C for 1 hour under an
oxygen partial pressure of 2 x 1077 Torr. The ultrathin film
was deposited at 800 °C under UHV with a deposition rate
of 0.01 UC per pulse, which was determined by reflection
high energy electron diffraction intensity oscillations during
film deposition.> The film thickness was 6 UC,
approximately 2.3 nm. The formation of (V5x\5)-R26.6°
and (V2xV2)-R45° reconstructions on the ultrathin film was
confirmed by high-resolution STM measurements.”
Subsequently, TbPc, molecules were deposited from a
quartz crucible onto the ultrathin film at room temperature
at a pressure of < 2 x 107 Torr. The sample was in-situ
transferred into a STM head and cooled down to a
measurement temperature of 4.8 K.2%*7 All STM images
were obtained in constant current mode with
electrochemically etched W tips.

Figure 1 shows a schematic structure of a TbPc,
molecule. The TbPc; has a Tb ion sandwiched between two
Pc ligands, which are rotated by 45° with respect to each
other. The lateral size and height of the molecule were
reported to be ~1.6 nm and ~0.4 nm, respectively, for a
single crystal of TbPc,.*

(a) Top view

m%tﬁ O b
y g OcC

N

(b) Side view H

‘ P N

Figure 1. Schematic structure of a terbium double-decker molecule.
(a) Top and (b) side views. In the phthalocyanine ligand, its outer
edges of benzene ring (red circles) possess high charge distribution.

Figure 2(a) shows a representative STM image of
TbPc, molecules adsorbed on SrVOs; ultrathin film. Two
atomically flat terraces of the SrVO; ultrathin film were
observed. High resolution STM images in left and right
insets of Figure 2(a) revealed that the lower and upper
terraces composed of square lattices with periodicities of
0.55 nm and 0.84 nm corresponds to (V2x\2)-R45° and
(V5x/5)-R26.6° structures, respectively, as was reported
previously.”® TbPc, molecule was adsorbed separately

36
37

39
40
1

43
44
45
46
47
48
49
50
51
52

e

(V5xV5)-R26.6°

3

(N2x+2)-R45°

O M 094
(b) Height (nm)

— 1

€ 0.4

£

E., 0.2

[}

T o

€

£04

=

20.2

T

00 2 4 6 8
Distance (nm)
Figure 2. (a) STM image of isolated TbPc, molecules on SrVO;

ultrathin film. ¥ = 1.5 V, I = 10 pA, and 50x50 nm?. Left and right
insets show high resolution STM images of the lower and upper
terraces of the SrVOjs ultrathin film, corresponding to (V2x\2)-R45°
and (\/5><\/5)-R26.6°structures, respectively. The scale bars =2 nm. V'
=15V, 1=60pA, and 8x8 nm?, and V= 0.4 V, I = 20 pA, and 8x8
nm? in left and right insets, respectively. (b) Height profiles of the
TbPc, molecules adsorbed on the (V5xV5)-R26.6%nd the (V2xV2)-
RA45°structures along the red and blue arrows in (a), respectively.

without aggregation both on the (V2x\2)-R45° and (V5x\5)-
R26.6° structures. Figure 2(b) shows height profiles across
single TbPc, molecules on the (\/5><\/5)-R26.6° and
(V2x\2)-R45° structures. The height of both the TbPc,
molecules was approximately 0.4 nm, which is almost
identical with that estimated by X-ray diffraction analysis of
TbPc, single crystal* and that of TbPc, molecule observed
by STM.?®?° Thus, the TbPc, molecules were adsorbed
intact on the SrVOs ultrathin film, where the Pc ligand
planes are parallel to the film surface, similarly to TbPc; on
other substrates.”3%3!

To determine adsorption configuration of TbPc,
molecules on SrVOs ultrathin film, high resolution STM
images of TbPc, were observed. Figure 3(a) shows an STM
image of a single TbPc, molecule on the (V5xV5)-R26.6°
structure. The molecule was composed of eight lobes with a
four-fold symmetry, and the center of the molecule was
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Figure 3. STM images of (a) TbPc, and (b) single-decker TbPc (or
Pc) molecules adsorbed on a (V5xV5)-R26.6° structure. V=15V, I =
10 pA, and 6x6 nm” The height of the single-decker molecule was
~0.2 nm, which is a half-height of the TbPc,. The white squares
denote the unit cell of the (V5xV5)-R26.6° structure of SrVOs.
Schematic adsorption configurations of (¢) TbPc, and (d) TbPc
molecules on the (V5x/5)-R26.6° structure. The upper and lower Pc
ligands of TbPc, are shown in orange and black, respectively. Solid
green balls denote Sr adatoms forming the (\/5><\/5)-R26.6° structure
on the subsurface atoms in light color. The green square denotes the
unit cell of the (V5xV5)-R26.6° structure.

located at the hollow site of the (V5xV5)-R26.6° square
lattice. According to previous density functional theory
calculations, the eight lobes structure was attributed to
higher charge distribution at two outer edges of each
benzene ring in the Pc ligand as indicated by ellipsoids in
Figure 1(a)?®? The observed TbPc; molecule
predominantly reflected the electronic states of the upper Pc
ligand because too far distance between the lower Pc ligand
and the STM tip. Therefore, the two diagonally opposite
benzene rings of the upper Pc ligand were aligned along the
(\/5><\/5)-R26.6° square lattice grid.

This interpretation was supported by STM observation
of a single decker molecule adsorbed on a (V5xV5)-R26.6°

structure of SrVO; similarly to the lower Pc ligand of TbPc,.

Figure 3(b) shows an STM image of the single molecule
with a height of ~0.2 nm, which is a half-height of the TbPc,
in Figure 3(a). Since this value was similar to the height
reported for single decker Pc molecule,??* the molecule in
Figure 3(b) was either TbPc or Pc, which is probably a
cracked TbPc, molecule during the sublimation. The
molecule in Figure 3(b) also exhibited eight lobes
surrounding the central protrusion at the hollow site of the
(V5x\5)-R26.6° square lattice. However, the two diagonally
opposite benzene rings of the Pc ligand were not parallel to
the (V5xV5)-R26.6° lattice grid but rotated by 45° with
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Figure 4. (a) STM image of a single TbPc, molecule adsorbed on a
(N2xV/2)-R45° structure. V' = 1.5 V, I = 50 pA, and 6x6 nm> The
image contrast is enhanced within the inset using a different color
scale for better visibility of the (V2x~)2)-R45° structure. The white
square denotes the unit cell of the (V2x\2)-R45° structure of SrVOs.
(b) Schematic adsorption configuration of TbPc, on the (\/2><\/2)-R45°
structure. The upper and lower Pc ligands of TbPc, are shown in
orange and black, respectively. Solid red balls denote O adatoms
forming the (\/2><\/2)-R45° structure on the subsurface atoms in light
color. The red square denotes the unit cell of the (\/2><\/2)-R45°
structure. The black dashed arrow corresponds to the lateral size of the
lower Pc ligand (~1.6 nm). The distance between two O adatoms
along the red arrows is ~1.56 nm.

respect to the grid. This result is consistent with the
observation of the upper Pc ligand of TbPc; in Figure 3(a).

Figures 3(c) and 3(d) show adsorption configuration
models of the TbPc, and the TbPc molecules on the
(N/SX\/S)-R26.6° structure, respectively, based on the above
observations. In the (\/5><\/5)—R26.6° lattice, the protrusions
observed in Figures 3(a) and 3(b) correspond to Sr adatoms
as was reported previously.? Therefore, the central Tb ion
of the TbPc, was located at the hollow site of the (V5xV5)-
R26.6° lattice composed of the Sr adatoms. The benzene
ring centers of the lower Pc ligand were located exactly
above the Sr adatom sites as shown in Figure 3(c). This
adsorption configuration is reasonable since the benzene
ring centers have been observed to adsorb atop of the
surface atoms, for example, S atoms of MoS;* and Cu
atoms of Cu(110).37-3#

Figure 4(a) shows a high resolution STM image of a
single TbPc, molecule on the (\/2><\/2)-R45° structure. The
molecule exhibited eight lobes with a four-fold symmetry,
similarly to the one adsorbed on the (V5xV5)-R26.6°
structure in Figure 3(a). The two diagonally opposite
benzene rings of the upper Pc ligand in TbPc, were aligned
parallel to the (\/2><\/2)—R45° square lattice grid, as was
observed for the TbPc, molecule on the (\/5X\/5)-R26.6°
structure. Also, the molecule center of TbPc, was located at
a protrusion site of the (V2xV2)-R45° lattice, which is
composed of O adatoms.”® From this observation, an
adsorption configuration model of the TbPc, molecule on
the (\/2X\/2)-R45° structure are shown in Figure 4(b). In
cases of metal phthalocyanines adsorbed on oxides, the
central metal ions were often adsorbed atop of surface
oxygen atoms to form strong metal-oxygen bonding.'** For
TbPc, in this study, however, the formation of Tb-O
bonding was unlikely because the Tb ion was isolated from
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the O adatom by the lower Pc ligand of TbPc; as illustrated
in Figure 1(b). Instead, the O adatoms atop of V atoms
[Figure 4(b)] might anchor H atoms of the benzene rings in
the lower Pc to form V-OH groups, which have been
reported to be very stable and easily formed on vanadium
oxides surfaces.***! In addition, considering good
coincidence between the lateral size of the lower Pc ligand
of TbPc; (~1.6 nm) [a dashed arrow in Figure 4(b)], and the
distance between two O adatoms along diagonal direction
(~1.56 nm) [red arrows in Figure 4(b)], the adsorption
configuration shown in Figure 4(b) would be the most
plausible.

In conclusion, we investigated the adsorption
configuration of single TbPc, molecule on SrVOs ultrathin
film at the atomic scale using low temperature STM. TbPc,
molecule was adsorbed on SrVOj; ultrathin film with well-
defined adsorption configurations both on the (V5xV5)-
R26.6° and (V2xV/2)-R45° structures, suggesting a principal
role of the surface reconstruction in the adsorption
configuration of TbPc; on perovskite type TMOs. Since the
(V5xV5)-R26.6° and (V2x\2)-R45° structures exhibited
different electronic states,” further investigations using
scanning tunneling spectroscopy will provide important
information to understand electronic coupling between
TbPc, and substrate.*?
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