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ABSTRACT: Vanadium phthalocyanine (VPc) monolayers and multilayers were
synthesized on Ag(111), and the electronic and magnetic states of an unachieved VPc
with a divalent state of V were investigated. The VPc monolayer was fabricated by directly
depositing the V atoms on a metal-free phthalocyanine (H,Pc) monolayer under ultra-
high-vacuum conditions. The VPc multilayer was synthesized by repeated VPc monolayer
deposition and subsequent sample annealing at approximately 450 K. The N 1s X-ray
photoelectron spectra (XPS) of these samples showed a remarkable reduction in the peak
assigned to H-bonded N atoms, concomitant with the appearance of a new peak attributed
to V-bonded N atoms close to the peak of iminic N. Additionally, the oxidation state of V
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estimated from the V 2p XPS peak position corresponded to 1.6 and 2.4 in the monolayer
and multilayer samples, respectively. These results clearly imply that VPc monolayers and multilayers were successfully obtained.

The main ground-state electronic configuration of the V center was found to be ’E

¢ by angle-dependent V L-edge X-ray

absorption spectroscopy. Furthermore, X-ray magnetic circular dichroism (XMCD) measurements suggest that this 2Eg state was
mixed with the 2Alg state by spin—orbit coupling in the ground state. Data revealed that VPc shows a paramagnetic state on the
Ag surface and in an H,Pc film but an antiferromagnetic state in the multilayer. Partial electron charge transfer was also observed
from the Ag surface to the V center at the VPc/Ag(111) interface, leading to a significant decrease in XMCD signals in the

monolayer.

1. INTRODUCTION

Superior and unique characteristics, such as relatively high
thermal and chemical stabilities as well as optical and
semiconducting properties, have contributed to the wide use
of metal phthalocyanines (MPcs) in industrial products like
dyes,l gas sensors,” organic light-emitting diodes,” and organic
photovoltaics.” While these properties have attracted interest in
organic and molecular electronics,® the recent discovery of
exciting magnetic properties in MPcs has extended their
application to molecular spintronics.”” To functionalize and
manipulate intentionally their electronic and magnetic states in
organic films and/or on substrate surfaces, it is important to
systematically understand these properties of MPcs.

Typically, MPcs consist of a central metal ion and a #-
conjugated macrocycle. Since the discoveries of CuPc and FePc
in 1927 and 1928, respectively,' several types of MPcs have
been synthesized by changing central metal ions and
coordination atoms and/or modifying the phthalocyanine
ligand. In the 3d transition metal series, all metal ions could
be coordinated to the phthalocyanine ligand. However, the
synthesis of MPcs in which the central metal ion presents a
simple divalent state has been limited to Ti, Cr, Mn, Fe, Co, Nj,
Cu, and Zn.® Although Sc and V have displayed trivalent and/
or quadrivalent states in scandium diphthalocyanine (ScPc,),”
iodo(phthalocyaninato)vanadium(III) (VIPc),"® and oxyvana-
dium phthalocyanine (VOPc),"" ScPc and VPc comprising a
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divalent metal center have not been synthesized to date because
of their instability in air. The absence of these molecules limits
our understanding of MPc electronic and magnetic structures,
making their synthesis necessary. This study focused on VPc as
a target compound because chemically stable VOPc is easily
obtained by a chemical method and its electronic and magnetic
properties have been investigated in bulk,"* thin films,"® and
monolayers.' '

One way to generate VPc is direct synthesis on a substrate in
the absence of air, as reported by Gottfried et al.'® In this
previous report, Co-tetraphenylporphyrin (CoTPP) was
obtained by vapor deposition of tetraphenylporphyrin
(H,TPP) molecules and Co atoms on Ag(111) under ultrahigh
vacuum (UHV) conditions. This approach has also proven
useful for MPc and metal porphyrin (MPor) synthesis,
particularly FeTPP,'”"?! CoTPP,”"?**> NiTPP,>>?*
ZnTPP,*>*>*® CeTPP,*”*® iron tetramethylporphyrin,® and
FePc,*® which have been characterized by X-ray photoelectron
spectroscopy (XPS) and scanning tunneling microscopy
(STM). The chemical reaction involved in this direct synthesis
has also been studied in detail by theoretical calculations and
thermal desorption spectroscopy (TDS).>*?*® Gas-phase
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theoretical calculations of an unsubstituted porphyrin have
provided a three-step mechanism for this reaction. Briefly, the
metal atom is first captured by four central N atoms, and one H
atom bound to a pyrrolic N atom is subsequently transferred to
this central metal. Finally, the other H atom is also transferred
to the metal and H, molecule desorption produces MPor.*>*
As expected from the theoretical calculations, D, desorption
from D,TPP was confirmed by TDS.>® In addition, these
previous reports showed that the reactivity depends on the
nature of the central metal and the activation barrier decreases
in the order Zn, Cu, Ni, Co, and Fe.”® Therefore, this well-
established method may be suitable for the synthesis of air-
unstable metal complexes.

The electronic and magnetic properties of MPcs, particularly
those containing 3d metal centers, have been investigated
experimentally and theoretically. In typical planar MPcs, the 3d
orbital of the metal ion is split into aj, (dp), by, (dxz_},z), by,
(dxy), and e, (dyy dyz) levels because of the Dy, symmetrical
molecular structure. Although these MPcs presented various
unique properties, the b, orbital exhibited the highest energy
level irrespective of the central metal ion,>"** while the other
three orbitals were considered close to each other, making the
electronic state difficult to determine. Theoretical calculations
suggested that the 3d electrons displayed the configurations alg2
bzg2 eg4 b1g2 in3 1Z31;Pc, alg2 bzg2 eg4 blgl in CuPc, and alg2 bzg2 eg4
blgo in NiPc.>”>" These electronic configurations have been
validated by X-ray absorption spectroscopy (XAS).>*** They
suggest the existence of spin in CuPc but no spin in ZnPc and
NiPc, which is in §ood agreement with electron garamagnetic
resonance (EPR)™ and magnetic susceptibility®>*” measure-
ments.

The electronic configuration of the central metal ion
becomes more complicated when the number of 3d electrons
is less than seven. Theoretical calculations have indicated that
the §1;%1§r;gl state of Co corresponded tozzAlg (bzg2 eg4 alg1
blgo %27 and 2Eg (bzg2 algz eg3 blgo)3 in CoPc. Angle-
dependent XAS®® and magnetic susceptibility*® measurements
have suggested the 2Alg state as the ground state. A mixed state
of ZAlg and 2Eg has also been proposed to explain the large
effective magnetic moments of CoPc obtained by magnetic
susceptibility measurements.*’ CoPc has exhibited para-
magnetic behavior in its & and § phases above 80 K. Further,
Serri et al** have observed high-temperature (~100 K)
antiferromagnetic coupling in an a-CoPc thin film.

Similarly, several electronic configurations have been
suggested for FePc and MnPc. Theoretical calculations have
predicted 3EgA (bzg2 eg3 algl blgo)31 and 3A2g (bzg2 algz eg2
b1g0)32’43 as ground states for FePc. The 3EgA ground state in a-
and p-FePc has been widely supéported by magnetic
susceptibility,** Massbauer," XAS***® and X-ray magnetic
circular dichroism (XMCD)* measurements, whereas few
experimental results have observed the 3A2g state.*® In addition
to these states, a potential °B,, ground state (e,* by,' a,' b1g0)49
and a spin-mixed state of the triplet and quintet states™ have
been proposed by magnetic susceptibility and a combined
experimental XAS—theoretical approach, respectively. Magnetic
properties of FePc strongly depend on its crystal structure. In
the most stable f-FePc phase, magnetic interactions between
FePc molecules were moderate and Weiss temperatures of —9
K*' and 7 K*' were reported. On the other hand, Evangelisti et
al.** have observed ferromagnetic behavior in a-FePc at a Curie
temperature of approximately 10 K. This ferromagnetic
behavior has also been detected in FePc thin films fabricated
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on sapphire, Si, and Au substrates.>>* In addition, large §
values of 2.4—2.6 have been reported in @- and f-FePc,*"™*
suggesting a large contribution of an unquenched orbital
magnetic moment. Magnetic susceptibility measurements of
MnPc single crystals*"® 736 and theoretical calculations®' have
indicated that the *A,, (by” e,” a;,' by,”) state is a ground state
for MnPec. In addition, XAS*” and XMCD>® of MnPc thin films,
UV—visible MCD spectra of MnPc in Ar gas,59 and theoretical
calculations®®®" have proposed the 4Eg (bzg1 eg3 alg1 blgo) state
as a ground state. In contrast to FePc, MnPc has presented a
ferromagnetic state in the 8 phase below 8.3—8.6 K.>>*%°® The
a-MnPc phase showed a Weiss temperature of —3 K in
magnetic susceptibility measurements.%”

The effective magnetic moment of CrPc was estimated as
3.49uy at room temperature, which lay between high (S = 2)
and intermediate (S = 1) spin states.*' However, the details of
its electronic and magnetic properties remain unclear. The
electronic and magnetic properties of TiPc are also unsolved,
although its synthesis has been reported.® To the best of our
knowledge, no experimental or theoretical study has been
reported for VPc or ScPc. The occupancy of 3d orbitals in less
than half the 3d electron systems, the order of the split 3d
orbitals, and their spin multiplet and magnetic states also
remain ill-understood, making the electronic and magnetic
states of VPc worth investigating.

In this study, VPc monolayers and multilayers were
synthesized by depositing V atoms and metal-free phthalocya-
nine (H,Pc, Figure la) on Ag(111) under UHV conditions.

a) HaoPc

° (b) VPc

Figure 1. Molecular structures of (a) H,Pc and (b) VPc. Each N atom
appears as N, (—~N=) and N;,r (=NH-) for H,Pc and Ny, for VPc.
(c) Low-energy electron diffraction (LEED) pattern of the H,Pc
monolayer on Ag(111) obtained at an incident electron energy of 11
eV. Yellow lines represent the H,Pc lattice. The red arrow shows the
direction of Ag [112]. The green arrow marks a sham spot originating
from the filament’s artificial light.

The metalation reaction was evaluated by in situ XPS.
Subsequently, the electronic and magnetic states of VPc were
investigated by XAS and XMCD. This is the first report on
synthesis of VPc and characterization of its electronic and
magnetic states.

2. EXPERIMENTAL SECTION

Sample preparation was performed under UHV conditions
(base pressure of ~2 X 107® Pa). The VPc monolayer was
synthesized in the XPS chamber as follows. Clean Ag(111) was
obtained by repeating a cycle of Ar ion sputtering and annealing
at 800 K. Its ordering structure and cleanliness were checked by
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low-energy electron diffraction (LEED) and Auger electron
spectroscopy (AES). No contamination of Ag(111) with a
sharp (1 X 1) LEED pattern was detected. Commercial H,Pc
(purity >98%) was purified by sublimation and introduced in a
homemade Knudsen cell equipped with an alumel—chromel
(K-type) thermocouple. An H,Pc monolayer was formed on
Ag(111) at room temperature (RT) by using the Knudsen cell.
The deposition rate of H,Pc was set at approximately 0.1
monolayer (ML)/min by adjusting the cell temperature to 470
K. The molecular density of the H,Pc monolayer was defined as
0.5 molecule/nm? and the H,Pc monolayer self-assembly was
assessed by LEED (Figure 1c). The obtained LEED Eattern was
almost the same as in previous reports.63’6 Next, a
stoichiometric amount of V (0.5 atom/nm?) was deposited
on the H,Pc film by electron bombardment evaporation. The
deposited amount of V was estimated by use of the monitor of
a quartz crystal oscillator and by comparing the V 2p XPS
intensity with that of the VOPc monolayer on Ag(111)."* The
LEED pattern showed no significant change after the
deposition of V. The VPc multilayer (10 ML) was obtained
by repeating the cycle of deposition of H,Pc and V 10 times
and was subsequently annealed at approximately 450 K for 15
min.

XPS measurements were performed at 300 K in a UHV
chamber (P < 4 X 107® Pa). The sample was irradiated with a
non-monochromatized Mg Ka beam (hv = 1253.6 eV) at an
incidence angle of 45° with respect to the surface normal.
Photoelectron signals were detected by a hemispherical
electron analyzer (SPECS, Phoibos 100) that faced the sample
surface (normal emission detection). Binding energies were
calibrated by use of the Ag 3ds/, and 3d;/, lines at 368.2 and
3742 eV, respectively.”> Total energy resolution of the
measurement condition was estimated to be 0.9 eV from the
full width of the Ag 3d;,, line of 1.0 eV."* Samples did not show
any radiation damage during XPS measurements.

An XPS peak-fitting analysis was performed with the Voigt
functions and the Shirley background. Lorentzian widths of N
Is were set to 0.84 and 0.50 eV for the multilayer and
monolayer samples, respectively.'” The N 1s X-ray photo-
electron spectra of H,Pc and VPc on Ag(111) were obtained by
subtracting the spectrum of the clean substrate from those of
H,Pc and VPc as well as from those of VOPc,'* because the
XPS N 1s region overlapped with the plasmon loss peaks of
Ag(111).%°

XAS and XMCD measurements were conducted on a 3 ML
Ag film grown on Cu(11l) as substrate to reduce the Ag
background signals. Cu(111) was cleaned by repeated cycles of
Ar ion sputtering and annealing at 800 K. Next Ag was
deposited in a layer-by-layer manner at RT on the Cu. The
thickness of Ag was estimated to be 3 ML from the AES
intensities of Cu MVV. As reported previously,67 the (9 X 9)
superstructure was observed by LEED. Note here that Ag(3
ML)/Cu(111) shows an almost equivalent electronic structure
to a Ag(111) single crystal. It is well-known that face-centered
cubic (fcc) (111) surfaces exhibit specific surface states and that
binding energy of the surface state in Ag/Cu(111) decreases
with Ag thickness. The difference of binding energies of the
surface state between Ag(3 ML)/Cu(111) and Ag(111) has
been reported as ~50 meV, which is 6 times smaller than that
between Ag(111) and Cu(111) (~300 meV).*® Moreover, the
self-assembled structure of a porphyrin film deposited on Ag(3
ML)/Cu(111) is found to be the same as that on Ag(111).”
These previous remarks indicate that the interfacial interaction

9807

of VPc with Ag(3 ML)/Cu(111) may be almost identical to
that with a Ag(111) single crystal.

VPc monolayers and multilayers for XAS and XMCD
measurements were prepared according to the same procedures
as XPS sample preparation. Additionally, a VPc monolayer was
prepared on an H,Pc film (3 ML) formed on Ag/Cu(111) and
covered by 1 ML H,Pc to investigate the absence of interaction
between central V and substrate or between V ions in the upper
and lower layers.

XAS and XMCD measurements were performed on an
XMCD system (P < 1 X 107® Pa) equipped with a 7 T
superconducting magnet and a liquid He cryostat (T = 3.8 K)
at the end station of the bending magnet beamline 4B of
UVSOR-III (Institute for Molecular Science, Okazaki, Japan).
This XMCD measurement system has been detailed
previously.”®”" Linearly polarized XAS measurements in the
N K-edge and V L, ;-edge regions were conducted at incident
angles 6 of 0°, 30°, and 55° with respect to the surface normal
at a temperature of 5 K. The photon energy in each spectrum
was set by use of identical features in N and O K-edge regions,
which originate from contaminations in the beamline optics. X-
ray energies were calibrated by use of the metallic V L; and L,
peaks at 512.1 and 519.8 eV, respectively. The nominal energy
resolution (E/AE) of the linearly polarized X-rays in the N K-
edge region was estimated as 2000 for 10 ML samples and 1300
for the other samples, and those in the V L,;-edge and O K-
edge regions were 2000 for 10 ML samples and 1000 for the
other samples. Circularly polarized XAS measurements at the V
L,; and O K edges were performed in a magnetic field of +5 T
at incident angles 8 of 0° and 55° at a temperature of 5 K. The
magnetic field was applied to the sample along the parallel and
antiparallel directions with respect to the X-ray beam. XMCD
spectra were obtained by subtracting y~ from u*. Here, pu* (u™)
represents the applied magnetic field antiparallel (parallel) to
the helicity of the X-rays. The estimated degree of circular
polarization of the X-rays was approximately 0.6 from the
beamline parameter. The E/AE value of the circularly polarized
X-rays in the V L, ;-edge and O K-edge regions was set to 1000
for 10 ML samples and 600 for the other samples. All XAS and
XMCD spectra were recorded in the total electron yield
detection (TEY) mode, and several spectral scans were
averaged to enhance the signal-to-noise ratio. TEY spectra
from the sample (Lmpe) were divided by that of the clean
substrate (I ). Here, these signals were first divided by the I,
signals recorded with an Au mesh in the upstream of the
sample. Note that the resultant normalized spectrum p is thus
given as 4 = [Iympie/Io]/ [Lubst/Io]- No significant beam damage
was observed although the synchrotron radiation typically
lasted more than 10 h.

3. RESULTS AND DISCUSSION

3.1. Direct Synthesis of VPc. Metalation of H,Pc on a
substrate is an excellent MPc synthetic technique. The
formation of MPc can be confirmed by X-ray spectroscopy
because H,Pc and MPc exhibit a remarkable difference in
electronic states in the N 1s region.*® Therefore, N 1s X-ray
photoelectron spectra were determined for H,Pc and VPc
samples.

Figure 2 shows N 1s X-ray photoelectron spectra for H,Pc
and VPc monolayers. Two main peaks at 398.4 and 400.1 eV
and one satellite peak at approximately 402.5 eV were observed
for H,Pc, which is in good agreement with previous
reports.”®’>”> According to the computational results,”* the
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Figure 2. N 1s X-ray photoelectron spectra of 1 ML H,Pc and VPc
taken at room temperature. The components of N, and Nll;lyr in H,Pc
and Ny in VPc in the main peaks are shown by blue and red lines,
respectively. Shake-up satellite peaks at approximately 402.5 eV in
H,Pc and approximately 401 eV in VPc appear as gray lines. Green

lines represent peak fitting residues.

main peaks at 398.4 and 400.1 eV were assigned to iminic
(-N=, N,.;) and pyrrolic N atoms (—NH-, Ng,r),
respectively. Although two different peaks corresponding to
iminic N atoms were expected on each side of the N, peak in
H,Pc, the peak fitting was performed as a single contribution
because the energy difference only equaled 0.4 eV.”” The N,/
N ratio amounted to 2.99, consistent with the stoichiometry
of H,Pc. The peak at approximately 402.5 eV was attributed to
the shakeup satellite.”?

After V deposition on H,Pc at RT, the N}I:Iy, peak intensity
decreased drastically, while a main peak at 398.5 eV and a
satellite peak at approximately 401 eV were observed in the N
1s spectrum. Here, the peak fitting was performed by assuming
that the peak at 400.1 eV is the component of H,Pc and the
intensity ratio Nm/Ng,r is fixed at 3.00, because it is hard to
separate the components of Ny in VPc and N ; in H,Pc due to
the low energy resolution of the experimental system. The
spectrum presented a very similar shape to that of MPcs, such
as TiOPc,”* VOP¢,">'* FeP¢,*® and CuPc,”® clearly implying
that the deposited V was coordinated by the phthalocyanine
ligand and N—V bonds formed between V and the inner N
atoms. The contribution of all N atoms in VPc (Ny, see Figure
1b) to the total intensity of the N 1s spectrum equaled 0.88
after peak fitting. Therefore, it is found that H,Pc easily reacted
with the deposited V without annealing, unlike the direct
synthesis of Zn porphyrin, which required annealing.*®

Although the metalation of H,Pc occurs readily for VPc and
FePc™° monolayers, the metalation of multilayers usually
proceeds with difficulty when metallic atoms are deposited on
H,Pc multilayers.30 Therefore, the VPc multilayer (10 ML) was
prepared by repeating the VPc monolayer synthesis 10 times to
solve this problem. Figure 3 shows the N 1s X-ray
photoelectron spectra of the 10 ML film. Similar to the H,Pc
monolayer, two peaks corresponding to N,.; (398.6 €V) and
Np,, (4002 eV) were detected in this N 1s spectrum, in
addition to a satellite peak (~402.5 €V). The Ng,r peak
intensity decreased concomitant with the appearance of the Ny
peak for the as-deposited VPc multilayer. However, the ratio
between the Ny peak intensity and the total N 1s peak intensity
amounted to 0.61. Furthermore, the appearance of a new Ny
peak was confirmed by peak fitting, although the origin of this
peak was unclear (it might be a V—NH state but we could not
identify its origin). Therefore, VPc partially formed in the
multilayer but the quality of the film was insufficient. Here, the
peak fitting was performed in a similar manner to the case of
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Figure 3. N Is X-ray photoelectron spectra of 10 ML H,Pc and VPc
multilayers (10 ML) taken at room temperature. Spectra of VPc before
and after annealing are shown at the center and bottom, respectively.
Components of N, and NI in H,Pc and Ny, in VPc in the main
peaks are represented by dark blue and red lines, respectively. Light
blue lines correspond to the unidentified peak Ny. Shake-up satellite
peaks at approximately 402.5 eV in H,Pc and approximately 401 eV in

VPc appear as gray lines. Green lines indicate peak fitting residues.

the VPc monolayer; namely, we assumed that the peak at 400.2
eV originates from H,Pc and the intensity ratio Nimi/Nll;Iyr is
3.00. The Ny peak was used to give a reasonable fit because no
convincing fit was obtained without the Ny peak. To promote
the reaction of V with H,Pc and the quality of the VPc film, the
sample was annealed at ~450 K. Annealing further reduced the
intensity of the Ng,r peak and enhanced that of the Ny, peak for
the VPc multilayer. The Ny peak intensity corresponded to
81% of the total N 1s XPS intensity, suggesting that annealing
enhanced the VPc film quality.

XPS measurements were also performed in the V 2p region
to investigate the oxidation state of the central V in VPc
monolayer and multilayer. Figure 4a shows the V 2p X-ray
photoelectron spectra for VPc monolayer, as-deposited and
annealed VPc multilayers (10 ML), and VOPc multilayer (10
ML) acting as a reference. The oxidation state of V in VPc can
be estimated from the V 2p;, peak position.”*™** The VOPc
multilayer displayed a quadrivalent formal oxidation state for V
and a V 2p;, binding energy of 516.4 eV, which is close to that
of V(IV) in VO, (Figure 4b). The annealed VPc multilayer
exhibited a V 2p;/, peak at 514.8 eV, representing a lower
energy than that for V(III) in V,0; but higher energy than that
for metallic V. The oxidation state of V in the VPc multilayer
was thus expected to be smaller than trivalent. Furthermore, if a
linear relationship between the oxidation state of V and the
binding energy of V 2p is assumed, the nominal oxidation state
of V in the VPc multilayer was estimated as 2.4 at the
intersection of the line and the V binding energy. Here a
straight line was obtained by connecting the average binding
energies of V in the metal and in VOPc, and the standard
deviation of the binding energies of 0.14 eV for V(0) might give
an estimated error of +0.12 in the oxidation states of V. This
result supports the formation of VPc. In addition, the peak of
the as-deposited multilayer at approximately 513 eV reduced
drastically in the annealed sample and shifted toward higher
binding energy upon annealing. This means that the annealing
process accelerates VPc formation, consistent with the N 1s
XPS results.

In the VPc monolayer, the peak position was estimated to be
513.9 eV by peak fitting (see Figure 4a). The peak showed a
shift of 0.9 eV lower than the binding energy of VPc multilayer,
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Figure 4. (a) V 2p and O 1s X-ray photoelectron spectra of VPc
monolayer, VPc multilayer before and after annealing, and VOPc
multilayer at room temperature. V 2p spectra were split into 2p;, and
2p,/, because of spin—orbit interactions. Experimental data are shown
as dots, while fitting curves are represented by black lines. The guide
lines indicating peak positions are shown in orange. (b) Relationship
between oxidation state of V and binding energy of V 2p;,, in XPS.
The triangle corresponds to the binding energy of VOPc obtained in
this study. Circles represent the reported binding energies of clean V
metal and vanadium oxides.”*”** The binding energy of V 2p;, in VPc
monolayer and multilayer are shown by red and blue dashed lines,
respectively.

and the nominal oxidation state of V in this monolayer was
estimated as 1.6 by using the relationship between oxidation
state and binding energy (Figure 4b). The XPS peak shift of the
metal center was also observed in phthalocyanine or ;)orphyrin
systems, such as MnPc, FePc,30% CoPc/Ag(111),* CoTPP/
Ag(111),"%%7%% CoPc on polycrystalline Au,” FePc,*® ZnPc/
Au(100),” CuPc/Al(100),”" ZnPc/Pt(111),”> MgPc on the Au
foil,”” and PbPc/Ag(111).** Spectroscopic methods have
suggested that the shift toward lower binding energies
originates from charge-transfer effects. Although the contribu-
tion of the polarization screening effect is also expected, the
effect has been clarified to be considerably smaller than the
charge-transfer screening effect in ZnPc and MgPc on Au
systems.””” The charge-transfer effects generally depend on a
combination of adsorbed molecules with metal substrates. The
V 2ps, line of the VPc monolayer shows a 0.9 eV shift, which is
relatively smaller than those of FePc (1.5 eV)***® and CoPc
(1.8 eV)85 on Ag(lll), CoPc (~1.6 eV) on Au,”® and CuPc
(1.6 €V) on Al(100).”" Interaction of the VPc monolayer with
the Ag surface is thus expected to be as weak as that for MnPc
on Ag(111),* which may result from the small electron affinity
of the metal center. The shift of binding energy also originates
from the final-state charge-transfer (relaxation) effect. As shown
in the next section, however, a similar peak shift is observed in
X-ray absorption spectra of the VPc monolayer on Ag, where
the final-state relaxation effect should be smaller due to the
existence of the excited electron within the V orbitals. This
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indicates that the final-state relaxation effect is less important
for the shift of the XPS binding energy and that charge transfer
in the initial state should be a major contribution to the shift of
the binding energy.

C 1s XPS measurements were also conducted for H,Pc and
VPc monolayers and multilayers (see Supporting Information).
When the spectra of 10 ML VPc and 10 ML H,Pc are
compared, the benzene C peak of VPc shifts 0.2 eV toward a
higher binding energy side, although no peak shift was observed
in that of pyrrole C. On the other hand, the shifts of benzene C
and pyrrole C of the VPc monolayer are 0.1 and 0.3 eV,
respectively, in comparison with those of H,Pc. In addition,
both benzene and pyrrole C in the VPc monolayer appear at a
lower binding energy side (0.3 eV), compared with those in the
VPc multilayer. Thus, we observed site-specific chemical shifts.

In summary, VPc monolayer and multilayer were directly
synthesized by deposition of H,Pc molecules and V atoms on
Ag(111) under UHV conditions. The VPc monolayer was
obtained by V deposition on the self-assembled H,Pc
monolayer without sample annealing. On the other hand, the
metalation reaction alone was insufficient for the 10 ML sample
but was promoted by annealing, leading to the VPc multilayer.

3.2. Electronic Configuration and Magnetic States of
VPc. Angle-dependent linearly polarized XAS measurements,
which typically provide molecular orientation and unoccupied
orbitals,***®™*® ‘were performed to elucidate the electronic
configuration of the central V in VPc. Furthermore, XMCD
measurements were conducted with circularly polarized X-rays
to investigate the magnetic properties of VPc. In addition, the
magnetic property of a VPc monolayer embedded in an H,Pc
film (see Experimental Section) was also investigated to clarify
the interfacial interaction between VPc and the Ag surface and
the intermolecular interaction between VPc molecules in
neighboring layers. All XAS and XMCD measurements were
performed at 5 K because ferromagnetic or antiferromagnetic
states of MPcs (M = Mn,*® Fe,* and Co*) have interestingly
been observed at low temperature. Although the vibration of
molecules is suppressed at low temperature, no structural
change is expected in this temperature region.

The molecular orientation of VPc in monolayers and
multilayers was first investigated to determine the electronic
configuration of the central V. Angle-dependent N K-edge X-
ray absorption spectra is shown in Figure 5. The spectrum of
VPc exhibited at least eight peaks (A—H), similar to those of
other MPcs.'***7'% Here, we notice that VPc provides two
peaks (peaks C and D) in the energy region between 401 and
405 eV, although 10 ML H,Pc gives three peaks (see
Supporting Information) in this region. This difference between
nonmetallic and metal phthalocyanines has been also observed
in other MPcs (M = H,, Fe, Co, and Cu),*® supporting the
formation of VPc. On the other hand, we could not detect a
reliable difference between X-ray absorption spectra of VPc and
H,Pc monolayers (see Supporting Information). In addition, a
bump structure at ~403 eV in the spectrum of the VPc
monolayer at 55° (green arrow in Figure 5) might be an artifact
originating from incomplete elimination of the contamination
effect on the beamline optics in the spectral normalization
process (I/1,) due to small signals from the monolayer sample.
Peaks A—D were mainly attributed to N 1s — 7* molecular
orbital transitions, and peaks E—H corresponded to transitions
involving o* resonances.”®*”'®" In z-conjugated molecular
systems, the transition from 1s to a p-type molecular orbital is
most intense when an electric field vector of linearly polarized
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Figure 5. Angle-dependent linearly polarized X-ray absorption spectra
at the N K edge for VPc multilayer, H,Pc-embedded VPc monolayer,
and VPc monolayer on Ag(111). The green arrow indicates an artifact
bump structure. Measurements were performed at S K. The energy
resolution (E/AE) amounted to 2000 for the VPc multilayer and
H,Pc-embedded VPc and 1300 for the VPc monolayer.

X-rays points in the direction of the unoccupied orbital, and no
transition occurs when the vector is perpendicular to the
orbital.”*” The 7* peak intensity of the VPc monolayer was
extremely weak at an incident X-ray angle of 0° and increased
when the X-ray electric field vector was gradually tilted away
from the surface, indicating that the phthalocyanine framework
lay flat with respect to the surface. Similarly, the 7* intensity of
the H,Pc-embedded VPc monolayer was small at 0° and
increased with the incident X-ray angle. Therefore, VPc was
adsorbed in a flat orientation with respect to the surface even
though the signals originating from the upper and lower layers
of the H,Pc film were also included in the spectra. On the other
hand, the 7* intensity of the VPc multilayer was large at 0° and
displayed smaller angular dependence, meaning that VPc was
tilted with respect to the surface in the upper side of the film.
This result might imply the unreacted V disturbs the adsorption
of H,Pc overlayer with flat orientation. The estimated
molecular orientation was 40° with respect to the substrate
surface, calculated from the maximum intensity ratio between
I and Ige (0.63).”7 This angle is close to that observed in the
phase.*

Angle-dependent V L-edge X-ray absorption apectra of VPc,
metallic V, and VOPc are shown in Figure 6. All spectra were
split into L; and L, regions because of the spin—orbit
interactions in the V 2p orbitals. In agreement with the XPS
results, the V L-edge XAS peak position correlated linearly with
the oxidation state of V,'** enabling an estimate of the
oxidation state of V in VPc. Here, this estimate used the main
peak position for the V L; edge, and the V metal peak position
was assumed to be 512.1 eV. The VOPc multilayer (10 ML)
and VPc monolayer peaks appeared at 514.4 and 513.1 eV,
respectively, while the VPc multilayer and H,Pc-embedded VPc
monolayer exhibited a peak at 513.4 eV. With the assumption
that V displayed formal oxidation states of 0 and +4 in the
metal and VOPc, respectively, its oxidation state was estimated
to be +2.3 for the VPc multilayer and the H,Pc-embedded VPc
monolayer and +1.7 for the VPc monolayer, which were in
good agreement with the XPS estimates.

Next, angle-dependent V L-edge X-ray absorption spectra
and their characteristics were addressed. Metallic V exhibited
broad XAS peaks and no angular dependence with respect to
the incident X-ray. On the other hand, XAS presented fine
structures assigned to peaks A—D (A’—D’) and angular
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Figure 6. Angle-dependent linearly polarized X-ray absorption spectra
at VL, ; edge and O K edge for (a) metallic V, (b) VPc monolayer, (c)
H,Pc-embedded VPc monolayer, (d) VPc multilayer, and (e) VOPc
multilayer. Peak positions are represented by green dashed lines.
Measurements were conducted at S K. The energy resolution (E/AE)
equaled 2000 for metallic V and VPc and VOPc multilayers and 1000
for VPc monolayers. Molecular orientation of VPc is schematically
shown inside the graph for spectra b—d. Schematic energy diagrams of
V 3d orbitals in VPc and VOPc are shown in insets to the right. Peaks
A, B, C,and D (A, B/, C’ and D’) correspond to ey Ay and blg (bzg,
€y a1, and blg) orbitals, respectively, in VPc (VOPc).

dependence for VPc (VOPc). These angular dependences
provide the unoccupied 3d orbitals in the films. Peaks A'—D’
observed for VOPc have been previously attributed to
transitions from V 2p cores to bzg, €y Ay and blg orbitals,
respectively.'* The peak assignment for VPc was conducted
with the X-ray absorption spectrum of H,Pc-embedded VPc
monolayer because of its clear angular dependence. In this case,
the by, and b, orbitals were spread parallel to the surface, while
the a;, orbital is perpendicular to the surface, because VPc
adsorbs in flat orientation with respect to the surface. The main
peak D clearly showed angular dependence. Its intensity was
maximized at 0° and decreased with increasing incident X-ray
angle. Peak D was located at a higher energy than the other
peaks, enabling its attribution to by,. This is in accordance with
the previous observations for MnPc,>”® FePc,'% and
CoPc.81% In addition, this result excludes the possibility of
the formation of a double-decker structure because the b;, and
b,, orbitals are expected to be degenerate in the double-decker
structure. In contrast, the intensity of peak C increased with
rising incident X-ray angle, suggesting its assignment to ag
This intensity was almost the same as that of peak D, indicating
that the a,; orbital was unoccupied. Peaks A and B display little
angular dependence and appear at a lower photon energy side
than peaks C and D, implying that peaks A and B can be
assigned to the e, orbital and its energy level was lower than
those of b, and a;, orbitals. Furthermore, the transition to b,
(peak A’) observed in the X-ray absorption spectrum of VOPc
was not detected in that of VPc. Therefore, the b, orbital of V
in VPc was expected to be fully occupied and an unpaired
electron may occupy the e, orbital, suggesting that the
electronic configuration of V in VPc corresponded to 2Eg
(bzg2 egI algo blgo). Therefore, the lowest 3d level in VPc was
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b, in agreement with previous results obtained for other MPc
systems.***”1% VP was expected to display a spin state of !/,
as a result of the electronic state of V.

XMCD measurements were performed at S K for these three
samples to investigate the magnetic properties of VPc.
Circularly polarized XAS and XMCD spectra of VPc are
shown in Figure 7a—c. Those of VOPc are also shown in Figure
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Figure 7. Circularly polarized XAS (red and blue lines) and XMCD
spectra (black lines) at the V L edge of (a) H,Pc-embedded VPc
monolayer, (b) VPc multilayer, (c) VPc monolayer, and (d) VOPc
monolayer in a magnetic field of +5 T at 5 K and incident X-ray angles
of 0° (normal incidence) and 55° (grazing incidence). All XMCD
signals were magnified twice. Green dashed lines represent the
integrals of the XMCD signals from 507 to 527 eV. The energy
resolution (E/AE) of the circularly polarized X-rays in V L, ;-edge and
O K-edge regions was set to 1000 for multilayers and 625 for the other
samples.

7d as references for paramagnetic V exhibiting an S value of '/,.
The magnetic interaction between the central V was ignored in
the H,Pc-embedded VPc monolayer because VPc was
sandwiched between the H,Pc layers and the distance between
neighboring V ions in the layer might be close to 1.4 nm in the
flat orientation. XMCD spectra of the H,Pc-embedded VPc
monolayer presented explicit signals at incident angles of 0°
and 55°. The XMCD signal of the H,Pc-embedded VPc at 0°
displays almost the same intensity as that of the VOPc
monolayer. Therefore, the spin state of the H,Pc-embedded
VPc was considered to be !/, consistent with the electronic
state suggested from the linearly polarized XAS measurements.
The orbital magnetic moment of VPc was approximately twice
that of VOPc, as obtained by the integration of XMCD signals
at L, and L, edges (green dashed lines, Figure 7). Because the
orbital magnetic moment of VOPc amounted to ca.
0.0243,">"%* that of VPc was expected to be approximately
0.04ug, although the E, configuration of a divalent V ion
predicts a much larger orbital magnetic moment of lusg,
implying quenching of the orbital magnetic moment by
formation of the VPc complex. This discrepancy may result
from the significant contribution of the covalent bond
(overlapping) between V 3d, and N 2p, in VPc. However,
this explanation may be insufficient. The proposed 2Eg state
contributed to the electronic structure of VPc to a great extent
but did not completely describe its ground-state electronic
configuration. This suggests that a spin—orbit configuration
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interaction occurred between ’E, and ’A,, (by” .’ a;,' by.’)
states because 2Alg exhibits no orbital magnetic moment. This
interpretation of the ground state is consistent with the
previous reports for FePc'® and CoPc.*"'% In these previous
systems, FePc and CoPc ground states were expressed as
3Bzg—3Eg and 2A1g—2Eg mixed states, respectively. The ground
state of V in VPc was also expected to be the 2Eg—ZAlg mixed
state and its small orbital magnetic moment might have resulted
from the covalent bond character and configuration interaction
with the 2Alg state. The Jahn—Teller effect may also reduce the
orbital magnetic moment but was not very effective for the
H,Pc-embedded VPc monolayer because of the rigid
phthalocyanine ligand.

The XMCD signals of V decreased drastically for the VPc
multilayer, indicative of the antiferromagnetic state of VPc in
this sample as a result of the antiferromagnetic interaction
between VPc in the upper and lower layers. The magnetic
interaction in the multilayer agrees with the previous
observation in antiferromagnetic a-CoPc* and p-CoPc'® as
well as ferromagnetic @-FePc***” and -MnPc.>**® Here, the
possible antiferromagnetic coupling of VPc was addressed by
assuming that the VPc multilayer adopts a f structure (metal—
metal distance of 4.8 A)'%” from the molecular orientation of
the multilayer film. In this case, the e, orbital of the V center
pointed toward other V centers in the upper and lower layers.
This made the direct overlap of the V center half-filled e
orbitals possible, leading to antiferromagnetism.'”® Addition-
ally, antiferromagnetic interactions between the ferromagnetic
VPc chains may also exist but their contributions may be
negligible because the distance between VPc chains exceeded
approximately 1 nm, which is estimated by assuming a lateral
molecular distance of 1.4 nm in the flat orientation and a tilt
angle of 42.9° in the /3 phase (of CoPc),*” and the interchain
interaction was estimated to be less than 2 K, as suggested by
previous reports on the magnetic properties of CuPc'® and
FePc** films.

Finally, the interaction between VPc and Ag surface was
investigated. A comparison between X-ray absorption spectra of
VPc monolayer and H,Pc-embedded VPc revealed that peak D
appeared at a lower photon energy for the 1 ML sample (see
Figure 6). In addition, the VPc monolayer produced broader
XAS peaks than H,Pc-embedded VPc. These suggest that
charge transfer occurred from the Ag surface to the V center
and the produced 2p core hole in V displayed a short lifetime at
the VPc—Ag interface. The charge-transfer effect has also been
observed in other MPc systems deposited on metallic
substrates, and the transition intensities decreased by
occupation of the 3d orbitals.***>**'% The intensity of peak
C decreased for VPc, indicating the important role of the a;,
orbital in the electron charge transfer and the formation of a
hybridized state with the Ag surface. However, this reduction in
peak intensity was not significant compared with CoPc/
Ag(lll),85 FePc/Ag(lll),86 and MnPc/Au(100).%” Moreover,
the peak intensities related to the b, orbital diminished in
CoPc/Ag(lll),85 FePc/Ag(lll),86 and MnPc/Au(100).” In
contrast, no clear reduction in peak D (blg) was observed in
VPc/Ag(111), as for CuPc/Au(110).% Despite the existence of
charge transfer in VPc/Ag(111), this charge transfer was not
very effective from the Ag surface to V.

XMCD results were examined to get an insight into the
influence of interface interactions on VPc magnetic properties.
Figure 7c shows the XMCD signals of VPc monolayer, and
Figure 7a shows those of H,Pc-embedded VPc. The VPc
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monolayer displayed slightly weaker signals than H,Pc-
embedded VPc, consistent with the XMCD data for CuPc/
Au(110)* and MnPc/Cu(001)."'°® However, this result
disagrees with the XMCD signals obtained for CoPc/
Au(111),' CoPc/Au(110),* and FePc/Au(110),* which
decreased dramatically and indicated the disappearance of the
spin(s). The XMCD intensity of V decreased at the VPc/
Ag(111) interface, but this signal reduction was not significant
because of the insufficient charge-transfer effect and the small
electron affinity of V as compared to Fe and Co.

4. SUMMARY

It is not straightforward to study the electronic and magnetic
states of early transition metal phthalocyanines because their
instability to air makes the development of synthetic
procedures challenging. To overcome this issue, VPc was
directly synthesized on an Ag surface under UHV conditions.
After V deposition on the H,Pc monolayer film, the XPS peak
ascribed to the H-bonded N atoms clearly decreased, while a
new peak assigned to the V=N bond formation appeared.
Similar peak changes were observed in the VPc multilayer,
although it required subsequent annealing after the deposition
of V. UHV conditions protected the V ions from oxidation and
the oxidation state of V was divalent, demonstrating the
successful synthesis of VPc on the Ag surface. This also made
investigations of the electronic and magnetic states of VPc
possible.

These electronic and magnetic states were evaluated by XAS
and XMCD measurements under UHV conditions. The
electronic configuration of the V jon in VPc was mainly
attributed to 2Eg by angle-dependent XAS. Although this 2Eg
configuration satisfied a spin state of '/,, the small orbital
magnetic moment obtained by XMCD was difficult to
interpret. Mixed configurations involving 2Eg and 2Alg resulting
from spin—orbit coupling were consequently suggested for the
ground state of VPc. The b, orbital displayed the lowest energy
level and was occupied in VPc. VPc showed paramagnetic
behavior in the H,Pc-embedded VPc system while it formed an
antiferromagnetic state in the VPc multilayer as a result of
antiferromagnetic interaction between the layers. The VPc/Ag
interface exhibited charge transfer from the Ag surface to V,
similar to other divalent MPcs deposited on metal substrates.
The XMCD signals persisted at the interface, unlike for CoPc
on Au(111)'® and Au(110).*
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