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Introduction

A TbPc, sub-monolayer deposit on a titanium
dioxide ultrathin film: magnetic, morphological,
and chemical insightsf

Andrea Luigi Sorrentino, 2° [rene Cimatti,” Giulia Serrano, () *3°

Lorenzo Poggini, &2 *°¢ Brunetto Cortigiani,® Luigi Malavolti,“¢ Edwige Otero,’
Philippe Sainctavit,” Matteo Mannini, 2 ° Roberta Sessoli 2 ° and Andrea Caneschi 2
Thin inorganic films (i.e., metal oxides) are often used as decoupling layers to optimize the interactions
between the magnetic layers of molecules and metallic surfaces. For deposits of single-molecule
magnets (SMMs), a decoupling layer can minimise the hybridization of the metallic substrate that is
responsible for the quenching of their typical magnetic bistability. Here, we explored the potential of a
single layer of titania to be used as a decoupling layer, which could represent an interesting playground
for widespread use in many technological applications. We used a TiO, monolayer with a lepidocrocite-
like structure grown on a Ag(100) substrate for the deposition of the terbium(m) bis-phthalocyaninato
(TbPcy) complex. A multi-technique approach employing X-ray photoelectron spectroscopy and
scanning tunnelling microscopy was used to examine the integrity of a TbPc, sub-monolayer deposit
and to study the molecular adsorption configuration on the TiO, film. Furthermore, X-ray magnetic
circular dichroism was used to investigate the magnetic properties of the TbPc, sub-monolayer,
revealing that the TiO, film successfully preserves the molecular spin character. X-ray-based magnetic
measurements showed that the quantum tunnelling of the magnetization characterizing a bulk of
molecules is still present and that the present titania film displays a decoupling effect of comparable
efficiency to that of a graphene layer.

nano-devices®” due to their low-temperature magnetic bistability®
and unique quantum behaviour.” Among systems showing the

Molecular spintronics is a growing research field focusing on
developing innovative devices for sensing, data storage, and
quantum applications by combining the properties of inorganic
and organic materials."* In the last few years, single-molecule
magnets (SMMs) have aroused significant interest for their use
as magnetic building blocks in spintronic micro-devices and
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SMM behaviour, the terbium(m) bis-phthalocyaninato (TbPc,) neu-
tral complex, consisting of a Th™ ion coordinated by two phthalo-
cyanine ligands staggered by about 45° with respect to each
other,®”'*? is considered as a perfect candidate for testing these
perspectives because of its slow magnetization dynamics at liquid
helium temperatures."® Besides, its molecular nature allows the
formation of monolayer and sub-monolayer deposits on a solid
surface. In bulk, the magnetic behaviour of TbPc, is dominated by
a strong uniaxial anisotropy with the easy axis of magnetization
located perpendicular to the Pc rings. The large energy separation
between the ground doublet (/, = + 6) and the first excited state
is responsible for the magnetic bistability as an effective barrier
of several hundreds of kelvin opposes the reversal of the
magnetization."* However, when assembled on different substrates,
its magnetism can be highly influenced by the substrate.”> ™ The
planar structure of the double-deckers strongly favours a strong
electronic interaction with the surface through the n-electrons of the
ligands. In particular, a significant quenching of the magnetic
bistability in sub-monolayer films assembled on bare metal surfaces
has been reported.”?°* In contrast, it has been demonstrated that
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decoupling layers (e.g:, graphene or a MgO thin film) can reduce this
effect.’®***” Indeed, according to Wickerlin et al.,*” using a single
layer of MgO is not sufficient to efficiently decouple the TbPc,
molecule from a metal substrate. Increasing the MgO layer thickness
up to 5 monolayers (ML) improves the magnetic bistability, and
TbPc, features a large magnetic remanence at variance with the
butterfly-shaped hysteresis loop observed in the bulk phase.””*® The
mechanisms behind these substantial changes of SMM properties
are still unclear. It has been suggested that the low phonon
dispersion of the metal oxide could be a key ingredient for the
observation of this enhancement.*® Furthermore, the possibility of a
charge transfer to/from the substrate can affect the crystal field
splitting acting on the terbium(ir) ion and induce a slower magnetic
relaxation.'®

To obtain further insights on this topic, we investigated the
use of an ultrathin film of titanium dioxide (TiO,) grown as a
single layer on the Ag(100) surface as an alternative substrate
for TbPc, SMMs.*® The deposition of atoms and molecules on
TiO, surfaces was already deeply investigated in light of the
high surface reactivity of titania surfaces due to the presence of
active catalytic sites as surface defects.*®*"' In particular, the
deposition of metallated phthalocyanine MPc systems on a
bulk TiO, substrate showed that molecules in direct contact
with the surface interact strongly and can undergo an oxidation
process.”’* Furthermore, our recent studies on bulk TiO,
single crystals revealed that also the sub-monolayer of TbPc,
molecules deposited on the TiO,(110) rutile surface undergoes
a strong interfacial interaction independently of the surface
preparation and the presence of surface defects.*®

In this work, we studied the molecular organization and the
magnetic properties of a sub-monolayer of TbPc, molecules
thermally sublimated on a TiO, film grown with a lepidocrocite-
like structure on Ag(100) (TiO,-L). Using X-ray photoelectron
spectroscopy (XPS) and scanning tunnelling microscopy (STM),
we evaluated the presence of intact molecules and their organiza-
tion on the surface. Finally, by using synchrotron-based X-ray
absorption spectroscopy, we evaluated the structural and mag-
netic properties of the sub-monolayer molecular deposit, confirm-
ing the lying-down absorption of the molecules and evidencing
the persistence at 2.0 K of the SMM behaviour.

Experimental

The Ag(100) single crystal was cleaned by several cycles of Ar’
sputtering (1500 eV) and annealing (770 K for 30 min) in UHV
before the TiO, film growth. Titanium was subsequently depos-
ited by a Ti (99.999%) rod using an electron beam source. The
deposition rate was evaluated by XPS and STM measurements.
The TiO, thin film formation was achieved by depositing the
metal under an oxygen partial pressure of 2 x 10~ ® mbar in
consecutive steps according to the procedure reported in ref. 29
and 36. After the film deposition, the sample was annealed up
to 770 K for one hour. The epitaxial growth of the TiO, thin film
on Ag(100) was confirmed by low-energy electron diffraction
(LEED). The chemical composition and morphology were
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confirmed by XPS and STM measurements, providing results
that are in line with previous reports.>*® The sublimation of
TbPc, was carried out in a UHV chamber equipped with
a home-made Knudsen cell filled with TbPc, powders. XPS
data were acquired using monochromatic Al Ko radiation
(hv = 1486.6 eV, SPECS mod. XR-MS focus 600) operating at a
power of 100 W (13 kV and 7.7 mA) and a SPECS Phoibos
150 1DLD electron analyser mounted at 54.44° to the X-ray
source. The XPS spectra were collected at normal emission with
the fixed pass energy set to 40 eV. The spectra were analysed
using the CasaXPS software. All the spectra were calibrated at
the Ti 2p3/, signal at 459.3 eV. The background in the spectra
was subtracted using a linear background, and the deconvolu-
tion of the XPS spectra was carried out as a combination of
Gaussian and Lorentzian functions (70/30).>> LEED patterns were
acquired using an Omicron NG-LEED setup, and the simulation
pattern was obtained using the software LEEDPat42.>”

STM measurements were carried out using an Omicron
VT-STM at room temperature for TiO, characterization and at
35 K for the characterization of TbPc, deposits. All the images
were acquired using an electrochemically etched W tip. Sample
preparation and investigation by using XPS, LEED and STM
were performed in situ with the multi-technique platform
available in our laboratory. The TbPc, deposition has thus been
repeated at the synchrotron using the UHV preparation cham-
ber present at the DEIMOS beamline in vacuum connection
with the XAS end station. The molecular deposition was per-
formed using the same Knudsen cell used for in-house experi-
ments and operating under similar geometrical and physical
conditions. The TiO,-L substrate was prepared in Florence
(Italy) and transferred to the DEIMOS beamline facility in Paris
(France) using an HV suitcase (with a base pressure of about
10~° mbar).

X-Ray absorption spectroscopy (XAS) experiments were per-
formed at the DEIMOS beamline®® (SOLEIL synchrotron, Paris),
employing both linear and circular polarization and total
electron yield (TEY) detection.?® The investigated temperatures
were 4.2 £ 0.2 and 2.0 £ 0.2 K. All the XAS spectra were
acquired at B = 3 T at the Tb M, ; edges and the 0 parameter
was defined as the angle between the k X-ray propagation vector
and the normal n to the surface that always lies in the
horizontal plane. The X-ray natural linear dichroism (XNLD)
was extracted for 0 =45° as the difference between the horizon-
tally (¢™') and vertically (¢") polarized light. The XNLD contribu-
tion was normalized with respect to the M; edge maximum of
the isotropic spectrum at 6 = 45° (1/3¢" + 2/3¢"") and expressed
in percentage (% XNLD).*” XNLD was not measured at 0 = 0°
since no signal was expected for any orientation of the mole-
cules because, at the macroscopic scale, there is always a
cylindrical symmetry in the plane. X-ray magnetic circular
dichroism (XMCD) was measured at 6 = 0° as the difference
between the XAS spectra obtained using circularly polarized
light (6~ — ¢'), normalized to the M; edge maximum of
(6" + 67)/2 and expressed in percentage (% XMCD). Finally,
the magnetic hysteresis curves were obtained by monitoring the
field dependence of % XMCD at the Tb M5 edge (1237 eV).

This journal is © The Royal Society of Chemistry 2021
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Results and discussion

The TiO,-L film growth was studied by XPS to confirm the
expected film stoichiometry®® and the Ti oxidation state, while
STM was used to confirm its quality and morphology. The Ti 2p
and O 1s XPS core level spectra are presented in Fig. 1a (top
panel) and Fig. S1 (ESIt) (top panel), respectively. Concerning
the Ti 2p region, the main Ti" component (filled in yellow) was
accompanied by a small contribution attributed to Ti' sites
(filled in green).*"**> The semi-quantitative analysis of the film
(Table S1, ESIt) gave a Ti/O ratio of about 0.4, reflecting a slight
excess of oxygen on the surface.”® Additional details about the
XPS characterization can be found in the XPS section of the
ESI.f The lepidocrocite structure of the achieved deposit was
confirmed by a LEED pattern (Fig. 2a), showing the presence of
the TiO,-L structure (red rectangles) on the Ag(100) surface
(dashed black square) (see Fig. S2 of the ESIT for details about
the LEED analysis). The STM analysis (Fig. 2b and Fig. S3a,
ESIT) confirmed the presence of TiO, islands covering about
80% of the Ag(100) surface. TiO, islands showed a height of
about 0.4 nm (Fig. S3b, ESIt), as previously reported for a single
layer of TiO, with a lepidocrocite-like structure, TiO,-L.*>*
TiO, islands featured alternating bright and dark stripes due
to the lattice mismatch between the film and the silver surface

(a)
Bl
S
@
=
D B T T T T T T T
> ]
& 1Tio,-L+TbPc,
-
< ]
468 466 464 462 460 458 456 454
Binding Energy (eV)
() ITiO,-L Ci1s
El ﬂf’ﬁ?
[Q I
S Lol adeSnnfll Hip
2
=
> {Ti0,-L+TbPc,
§ i
£
< ]

288 286 284 282

Binding Energy (eV)

Fig. 1 XPS spectra of (a) Ti 2p and (b) C 1s with the relative deconvolution
components before (top panel) and after (bottom panel) the TbPc, thermal
deposition on the TiO,-L substrate. The TbPc, structure is shown in the
inset.
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lattice (see Fig. 2b).>® The observed TiO,-L corrugation had the
expected periodicity of 10 nm and a height modulation of
0.05 nm. The narrow dark stripes are due to a compression of
the oxide layer along the short side of the unit cell, which
coincides with the Ag(100) lattice parameters, while the wider
bright patches correspond to the unstrained film.>® The low
roughness of the investigated sample further confirms the sub-
monolayer nature of the TiO, film. In fact, thicker deposits lead
to non-uniform Stranski-Krastanov growth on Ag(100).>® As
non-ordered 3D islands appear under these conditions, the
growth was limited to the first TiO, layer. A sub-monolayer of
TbPc, (see the inset of Fig. 1b, bottom panel) was sublimated
on TiO,-L according to the procedure reported in the Experi-
mental section. Fig. 1b (bottom panel) shows the XPS spectrum
of the C 1s core level of the TbPc, sub-monolayer deposit. The
spectrum was fitted using four components. The main one,
located at 284.3 eV (filled in grey), was ascribed to the C-C
bonds of the phthalocyanine (Pc) ligand, while the second one
at 285.5 eV (filled in blue) was ascribed to the C-N bonds of the
Pc rings; two satellites (filled in grey and blue) were found at
287.0 eV and 288.1 eV, respectively, which were attributed to
C-C and C-N shake-up contributions.'®** Due to the over-
lapping between the N 1s and Ag 3d XPS signals and between
the Tb 3d and C KLL plus Ag MNN Auger signals, a semi-
quantitative elemental analysis of the molecular layer was not
affordable. However, the analysis of the C 1s region indicated a
TbPc, deposit weakly interacting with the substrate.'®**>*> This
is at variance with previous findings for TbPc, or phthalocya-
nine molecules in direct contact with a bulk TiO, substrate
where oxidation of the molecular species was observed.’*™**
Such a difference in the substrate reactivity could be an
indication of the absence of catalytic sites characteristic of
many TiO, surfaces, such as oxygen vacancies,’®" or it can
be attributed to a different intrinsic reactivity of the TiO,
lepidocrocite structure compared to the rutile phase used in
our previous investigation.>*® We notice that also the Ti 2p
and O 1s spectra collected after the TbPc, deposition (Fig. 1a
and Fig. S1 (ESIf), bottom panels) do not reveal significant
variations in both the line shape and the semi-quantitative
analysis (Table S1, ESIt), thus confirming the innocent role
played by the TiO, layer on the assembled molecules. Fig. 2c
shows a low-temperature STM image of TbPc, molecules cover-
ing about 10% of TiO,-L islands on Ag(100). After molecular
deposition, the corrugated lepidocrocite-like structure® is still
visible (see the profile in Fig. S4, ESI}), confirming that the
TbPc, absorption did not alter the TiO, surface. The small-scale
STM images of TbPc, molecules adsorbed on TiO,-L are pre-
sented in Fig. 2d and e. TbPc, molecules show their typical
four-lobed features in agreement with previous reports on other
surfaces,">'®** indicating a lying down configuration (Pc
planes parallel to the surface), as observed on metals and metal
oxides.'®'%?123 The STM line profiles (the inset in Fig. 2e)
reveal that the TbPc, molecules have an apparent height of
0.30 £ 0.05 nm and a lateral dimension of 2.5 £ 0.1 nm in
agreement with previous reports about single TbPc, molecules
on metals.>**” It is worth noting that molecules do not pack in
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(a) LEED pattern of the TiO,-L surface before the thermal deposition of molecules and (b) its relative STM image (100 pA, 2V, 150 nm x 150 nm).

(c—e) STM images of TbPc, sublimated on TiO,-L: (c) large-scale image (20 pA, 2 V, 150 nm x 150 nm); (d) medium scale image (20 pA, 2 V,
40 nm x 40 nm) and (e) its magnification image (20 pA, 2 V, 20 nm x 20 nm) showing a line profile on a single TbPc, molecule (inset).

regular islands"®>”**® but lie isolated with a random distribu-
tion on the TiO,-L surface, similar to what was observed on
Cu(100)*"** and for CoPc molecules on TiO,(100).*> On the
bare Ag(100) areas, small features attributable to phthalocya-
nines were observed (Fig. S5, ESIT). Their presence may result
from (i) a partial thermal decomposition occurring during the
deposition process”**”° or (ii) a partial fragmentation of the
TbPc, complex on Ag(100) in the proximity of the reactive TiO,-
L step edges.>>?

Low-temperature XAS studies were carried out on the TbPc,
sub-monolayer on TiO,-L to evaluate the structural and mag-
netic properties of the molecular layer. The linear and circularly
polarized absorption spectrum was recorded at the Tb M, s
edge. The XNLD spectrum (Fig. 3a) revealed a strong negative
dichroic signal at 1237 eV, confirming the preferential lying-
down configuration of the TbPc, monolayer %%
observed by STM. The XMCD signal (Fig. 3b) measured at 2 K
confirmed the characteristic M; edge dichroic signal of TbIII
ions located at 1237 eV. Dichroism was found to be ca. 135%, in
agreement with previous results obtained for the TbPc, thin
film with a similar absorption geometry.">*”*****” Indeed, the
shape of the XMCD spectrum revealed the presence of a
saturated Tb"" system characterized by J= L + S = 6 total angular
momentum.'>*® Finally, hysteresis loops were recorded at the
maximum signal of XMCD (see the Experimental section) at

15014 | J Mater. Chem. C, 2021, 9, 15011-15017

4.2 K (Fig. 3c) and 2.0 K (Fig. 3d). At 4.2 K, a hysteretic
behaviour was substantially absent, at variance with the bulk
phase,® while the opening of the hysteresis loop was observed
at a lower temperature of 2.0 K. The hysteretic behaviour can be
better appreciated by looking at the Axycp(H) value obtained by
plotting the difference of the XMCD signal of the up and down
branches of the hysteresis loops, Axmcp(H) = XMCD(HT) —
XMCD(H |) (Fig. S6éa, ESIt). This result indicates that the
magnetic bistability at 2.0 K is preserved, thus confirming that
the TiO2-L film causes an effective decoupling from the metal
substrate.’>?” On the other hand, the observed typical butterfly
shape of the magnetic hysteresis loop (Fig. 3d) suggests that the
quantum tunnelling of magnetization is not suppressed, simi-
larly to what was reported for other bi-dimensional materials
such as graphite®® and graphene," but at variance with the
behaviour observed on MgO films where large magnetic rema-
nence was observed.>”*® However, a direct comparison with the
more efficient decoupling performed by MgO layers cannot be
made due to the different thicknesses of the films
investigated.?””*° Indeed, studies on MgO multilayer films (up
to 6 ML) showing an increase of the magnetic remanence of
TbPc, also revealed the suppression of conduction electrons
scattering from the metal to the molecule.”” Additionally, we
cannot exclude that the partially negative charge of the
lepidocrocite-like ultrathin film**>* might also influence the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Magnetic characterisation of the TbPc, sub-monolayer on the TiO,-L substrate. (a) XAS (top) and XNLD (bottom) spectra recorded at 6 = 45°,
B=3T,and T = 4.2 K. (b) XAS (top) and XMCD (bottom) spectra recorded at 0 = 0°, B = 3T, and T = 4.2 K. The magnetic hysteresis loop recorded at the

Ms Tb edge at (c) 4.2 K and (d) 2.0 K with a scan rate of 0.03 T s™%.

electronic distribution of a TbPc, deposit, causing an alteration
of the SMM magnetization dynamics from the bulk behaviour.

Conclusions

XPS and STM measurements showed the integrity of TbPc,
molecules after the thermal deposition on TiO,-L. The STM
images indicated a high absorption affinity of this SMM with
TiO,, resulting in isolated and randomly distributed molecules.
Furthermore, the STM images and XNLD spectra indicated a
preferential lying-down configuration of the TbP, molecules on
the TiO,-L structure. The XMCD spectrum shows a marked
dichroic signal revealing the maintenance of a Tb™ system with
an easy axis of magnetization perpendicular to the surface. A
butterfly-shaped hysteresis loop was observed at 2.0 K without
the suppression of the QTM process, similarly to what was
previously observed on graphene. Further, local probe-based
spectroscopic experiments combined with theoretical model-
ling could shed further light on the surface interaction and on
the magnetism of TbPc, on TiO, thin films to clarify the role of
the surface in the suppression or persistence of the SMM
behaviour.>>*® Our results confirmed that ultra-thin layers of
decoupling oxides can be used to engineer the interactions
between SMMs and metallic substrates.
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