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ABSTRACT: Localized electronic spin state in molecules has
a relatively long spin lifetime and has thus attracted much
attention. In this study, we characterize the magnetoresistance
of a system comprising Pt and Fe(II)-phthalocyanine (FePc)
molecules. The magnetoresistance measurement with the weak
antilocalization analysis reveals that a magnetic moment in
FePc acts as magnetic impurities for conduction electrons in
Pt. Moreover, we find that the magnetoresistance involves a
component that possesses the same symmetry as spin-Hall
magnetoresistance. These results reveal the spin-angular
momentum transfer from metallic Pt to a magnetic moment in FePc molecules, which can be used as a spin torque in a
molecular system.
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Molecular magnetism has attracted attention in the fields
of spintronics and quantum information processing.1−3

One of its most interesting phenomena is that the coherence
time of an electron spin in a complex molecule (e.g.,
phthalocyanine (Pc) and porphyrin) is reportedly long and
can be maintained even in a film structure.4,5 In the past
decade, it has been reported that the electronic structure of a
complex molecule can be controlled via hybridization with a
metallic film. For instance, hybridization with a ferromagnetic
metal induces spin polarization in molecules (Ni(Co)/Fe-
porphyrin,6 Fe/CoPc,7 Co/Cu/MnPc,8 etc.). Moreover,
tunable half metallic behavior can be designed in such
ferromagnet/molecule interfaces.9,10 As a result, even spin
current transport in molecules has been realized.11−13

Hybridization with nonmagnets may change the magnetic
anisotropy in a molecule (CuO/FePc)14 and also affect the
electric transport properties in metals (Au/CuPc/Au).15 The
metal/molecule interface is one of the most promising
platforms for designing the spin functionality of molecules.2,3

To utilize the novel functionality of spin-based information
technology, it is important to establish a method for the precise
control and read-out of electron spins in molecules. Moreover,
an integrated circuit should be constructed electrically, and
neither optically nor by using magnetic fields. However,
electric control and the detection of electron spin in molecules
has not been reported thus far, while those for nuclear spin
have been demonstrated recently.16,17 In this regard, as with a
magnetization control of a nanoscale ferromagnet,18 establish-
ment of a spin torque such as spin-angular momentum transfer
from a metal to a molecular system would be required.
In this study, we characterize magnetoresistance of a system

comprising Pt and FePc molecules, where the molecules have
divalent Fe2+ ions, and demonstrated the following. First, from
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the magnetoresistance under a perpendicular magnetic field,
we find that a magnetic moment in FePc acts on Pt conduction
electrons as a magnetic impurity, which is confirmed by the
suppression of the quantum interference effect, weak
antilocalization (WAL), with the Hikami−Larkin−Nagaoka
treatment.19 Second, we find that magnetoresistance under in-
plane magnetic fields involves a component with the same
symmetry as the spin-Hall magnetoresistance.20 These results
reveal the spin-angular momentum transfer from metallic Pt to
FePc molecules. The spin-transfer effect can be used as spin
torque in a molecular system.
Two types of molecules were employed for this study,

namely, FePc (Figure 1a) and metal-free phthalocyanine
(H2Pc, Figure 1b). Unlike FePc, H2Pc does not possess a metal
ion and is suitable for a control experiment. The multilayer film
of MgO(001) substrate/MgO (5 nm)/Pt (6 nm)/FePc or
H2Pc (0.32 nm)/MgO(2 nm) was fabricated using a molecular
beam epitaxy method under ultrahigh vacuum, as depicted in
Figure 1c and d. The FePc thickness of 0.32 nm almost
corresponds to that of one molecular layer (ML). The MgO
substrate was annealed at 800 °C for 10 min, and the Pt layer
was postannealed at 400 °C for 30 min. All of the layers were
deposited at room temperature. The multilayer films were
covered by sputter-deposited 5 nm SiO2 to prevent
degradation during transport measurements. Figure 1e shows
reflection high-energy electron diffraction (RHEED) images of
Pt, taken along the [100] azimuth of the MgO(001) substrate.
The streak patterns were almost identical in every direction,
which shows that the Pt is not a single crystal but texture
forms. From the RHEED image, we have concluded that Pt has
a (111)-oriented texture structure, which is consistent with X-
ray diffraction results (not shown). Figure 1f shows a RHEED
image of 0.32 nm FePc. Compared with Figure 1e, the streak
pattern of Pt is almost invisible. This indicates that the Pt
surface was almost covered by the FePc molecules. A control
experiment using scanning tunneling microscopy (STM) and
noncontact atomic force microscopy (ncAFM) revealed that
FePc lies flatly on the Pt surface in one molecular layer (Figure
1g). The STM/ncAFM experiments were conducted under
ultrahigh vacuum at 5 K, as described elsewhere.21 FePc was
sublimated thermally and deposited on a clean surface of
single-crystalline Pt(111) substrate at room temperature. A
totally flat molecular configuration was confirmed by the

appearance of the four lobes in a high-resolution image of the
molecule (Figure 1h). The Pt/FePc- and Pt/H2Pc-based
multilayers were patterned into the Hall bar structure using
conventional microfabrication techniques with photolithog-
raphy and Ar ion milling. Figure 1i shows an image of the
device under an optical microscope. The width and the length
of the Hall bar are 10 and 800 μm, respectively.
In ref 22, the maximum thickness to discuss a quantum

interference effect in single-crystalline Pt was 6 nm because a
high mobility in a single-crystalline metal induces a large
classical magnetoresistance. The textured Pt employed in this
study has twice the resistivity of the single-crystal Pt in ref 22.
Therefore, the classical magnetoresistance of our 6 nm Pt is
suppressed, and the WAL is enhanced because of the more
diffusive regime for electrons in Pt. As a result, it is feasible to
discuss the quantum interference effect.
Figure 2a shows a schematic of the X-ray absorption

spectroscopy (XAS) experiment to determine the spin state in
FePc. The XAS was conducted at the soft X-ray beamline
BL25SU of SPring-8. The X-ray absorption signal was recorded
by the total electron yield method. Measurements were
conducted at room temperature without the presence of an
external magnetic field. The XAS were derived from the sum of
the right and left circularly polarized X-rays. Figure 2b shows
results of the XAS around the Fe-L3 and L2 edges of Pt/FePc
(0.32 nm, ∼1 ML), Pt/FePc (0.64 nm, ∼2 ML), and Pt/FePc
(3.2 nm, ∼10 ML) multilayers. According to the selection rule,
the electric dipole transition at the L3 edge takes place for
transition from the 2p-core to the 3d-valence of Fe. The
unoccupied states of b1g

↑(↓) (dxy), eg
↓(dzx, dyz), and a1g

↓ (dz2)
orbitals in FePc correlate the XAS around the Fe-L3 edge, and
the unoccupied states of eg

↓ and a1g
↓ are responsible for S = 1

spin states of FePc.23,24 However, adsorption of FePc
molecules on metals may change spin states14 from S = 1.
Therefore, spin states in FePc should be discussed in depth,
especially for the case of 1 ML adsorption onto a metallic
surface. From Figure 2b, when the thickness of the FePc
decreases from 3.2 to 0.32 nm, the XAS changes, suggesting a
change in electronic state. However, it should be noted that
peak intensities for a1g

↓ and eg
↓, indicated with asterisks, still

remain for Pt/FePc (0.32 nm). The XAS result suggests that
the FePc on Pt possesses nearly S = 1 spin states.

Figure 1. (a) Molecule structure of Fe-phthalocyanine (FePc). (b) Molecule structure of metal-free phthalocyanine (H2Pc). (c) Film structures for
a Pt/FePc device. (d) Film structure for a Pt/H2Pc device. (e) RHEED image of 6 nm Pt. (f) RHEED image of 0.32 nm FePc on Pt. (g) STM
image of Pt(111) fully covered by FePc (sample bias of 30 mV and tunneling current of 20 pA). The yellow square represents a single FePc
molecule. (h) High-resolution ncAFM image of an isolated FePc molecule on Pt(111) with a CO-terminal tip (sample bias of 0 mV and tip height
of −160 pm). (i) Optical microscope images of the device.
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To support the observations of the XAS experiment, a first-
principles study was conducted using the Vienna ab initio
simulation (VASP) package.25 Figure 2c shows a schematic
diagram of the computational model with differential charge
distribution. The differential charge distribution at Pt/FePc
shows that the wave function of Pt film is hybridized with both
Fe and ligand. A relatively large adsorption energy (approx-
imately −8 eV per molecule) suggests the chemisorption of
FePc on Pt. Figure 2d shows projected densities of state
(PDOS) on the d orbitals of FePc, where ↑ and ↓ denote the
majority- and minority-spin bands, respectively. Figure 2e
shows the schematic energy diagram deduced from the
calculation. The calculation results of PDOS indicate that the
basic electronic configuration in the Fe atom is d6 with S = 1
spin states. Similar to previous studies of FePc on
Au(111),26,27 orbitals assigned to eg and a1g irreducible
representations are partially occupied. We note that eg orbitals
are the hybrid orbitals coming from 3d orbitals of Fe and π
orbitals of ligand. In addition, their degeneracies are lifted due
to the distortion induced by adsorption on Pt(111). In Figure

2e, while black arrows show electron spins in the 3d orbitals of
Fe, blue arrows in eg orbitals show electron spins shared by 3d
orbitals of Fe and ligand π orbitals.
Figure 3 shows the transport properties of Pt/FePc and Pt/

H2Pc devices. Figure 3a shows device resistance. The Pt/FePc

device has slightly higher resistance than the Pt/H2Pc device.
The adsorption of a molecule may create an impurity potential
for a conduction electron in Pt. In particular, when a molecule
possesses a magnetic moment, for example, FePc, this impurity
potential contains contributions from both molecular adsorp-
tion and magnetic moment; this potential changes WAL. To
study the effect of the magnetic moment of FePc on the
conduction electron of Pt, WAL analysis22,28,29 was performed.
A magnetoresistance measured by the four-terminal technique
under perpendicular (z) magnetic field was characterized to
conduct the WAL analysis. The perpendicular magnetic field
changes from −9 to +9 T with changing temperature from 2 to
12 K. The normalized magnetoconductances of Pt/FePc and
Pt/H2Pc devices are summarized in Figure 3b and c,
respectively. While the magnetoconductance ratio of the Pt/
H2Pc increases as the temperature decreases, that of the Pt/
FePc device is almost identical. This suggests that an
adsorption of FePc molecules breaks the WAL in Pt but that
of H2Pc does not.
Before discussing the disappearance of WAL in the Pt/FePc

device, the signal from WAL in the H2Pc device was quantified.
Because of the high mobility in Pt, classical magnetoresistance
was observed30,31 in addition to the one originating from WAL.
Such a classical magnetoresistance should be subtracted for the
WAL analysis. In the following analysis, we subtracted the
parabolic dependence estimated from the magnetoresistance
for a high magnetic field. To quantify the WAL contribution to
the conductance in Pt/H2Pc devices, the normalized magneto-
conductance after the subtraction of the classical magneto-
resistance (∝B2) was analyzed by the Hikami−Larkin−
Nagaoka formula19

Figure 2. (a) Schematic of the experimental setup for X-ray
absorption spectroscopy. (b) Results of the X-ray absorption
spectroscopy around Fe-L2,3 edges. (c) Schematic of the computa-
tional model with differential charge distribution (isosurface level:
+0.002 (yellow) and −0.002 (blue) e/bohr3). (d) Calculated
projected densities of state (PDOS) in FePc, where ↑ and ↓ denote
the majority- and minority-spin bands, respectively. (e) Schematic of
the theoretically deduced energy diagram of FePc. The black arrow
shows electron spin in d states of Fe-ion; blue arrows show electron
spin shared by Fe-ion and ligand atoms.

Figure 3. (a) Device resistance as a function of temperature. (b)
Normalized magnetoconductance of the Pt/FePc device under
perpendicular (z) magnetic field. (c) Normalized magnetoconduc-
tance of the Pt/H2Pc device. (d) Phase coherence length (Lφ), spin−
orbit length (LSO), and mean free path (Le) of H2Pc/Pt.
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where Ψ(x) is defined as Ψ(x) = ψ(x + 1/2) − ln(x) and ψ(x)
is the digamma function. Be, Bφ, and BSO are the elastic,
inelastic, and spin−orbit scattering fields, respectively. Be can
be estimated by Be = ℏ/4eLe

2, where Le (=mvF
2μ/2e)

represents the mean free path. Here, m, vF, μ, and e are the
effective mass, Fermi velocity, mobility, and elementary charge
of electrons, respectively. The mobility was estimated from
Hall measurements. Usually, the WAL is discussed using a
phase coherence length Lφ and a spin−orbit length LSO. The
relation between Bφ(SO) and Lφ(SO) is expressed as follows.

= ℏ
φ

φ
L

eB4(SO)
(SO) (2)

These characteristic lengths in Pt/H2Pc devices are summar-
ized in Figure 3d. The obtained lengths of the Pt/H2Pc,
including a phase coherence length, are almost comparable to
that of the single Pt layer.22

From the discussion above, it is apparent that, although the
difference of the device resistance is not significant, the Pt/
H2Pc possesses comparable phase coherence with Pt but the
Pt/FePc does not. The phase coherence length is sensitive to
time reversal symmetry breaking, i.e., magnetic field and/or
magnetic moment. Therefore, the disappearance of the WAL
in Pt/FePc demonstrates that FePc molecules act as magnetic
impurities for conduction electrons in Pt. Such impurities
break the time reversal symmetry for the quantum interference
loop, resulting in the suppression of WAL.32 Similar coherence
suppression was reported in systems with Au/metal-terpyr-
idine-complex interface,33 Au/Cu-phthalocyanine (CuPc)/Au
stacks,14 and InAs with surface decoration of magnetic ions.34

In ref 14, 5 nm thick CuPc was sandwiched with 10 nm thick
Au thin films. The existence of the CuPc drastically decreases
both device conductance and Lφ. Unlike the results in ref 14,
device conductance of Pt/FePc is comparable to that of the
Pt/H2Pc device, as shown in Figure 3a, whereas the phase
coherence in the Pt/FePc system is dramatically suppressed.
This means that the adsorption of a 1 ML FePc on Pt breaks
the WAL via the Pt/FePc interface but does not alter the
scattering event of Pt.
Parts a and b of Figure 4 show the magnetoresistance of Pt/

FePc and Pt/H2Pc under in-plane (xy) magnetic field
measured at 2 K. First of all, parabolic positive magneto-
resistance originates from the nonmagnetic Pt layer which is
considered a normal magnetoresistance (∝B2) and/or an edge
spin accumulation called Hanle magnetoresistance.35,36 In
addition to these, negative magnetoresistance can be found
only for the Pt/FePc device. The negative magnetoresistance
in Pt/FePc decreases as the temperature increases and almost
disappears at 12 K, as shown in Figure 4c. Because the
transition temperature of FePc for ferromagnetism is reported
to be 4.5 K,37 the temperature dependence of the negative
magnetoresistance may correlate an order of the magnetic
moments in the FePc layer. Therefore, the negative magneto-

resistance might originate from the spin-Hall magneto-
resistance.20

If we employ the scenario using the spin-Hall magneto-
resistance for our Pt/FePc device, accumulated spin in the y-
direction at the interface between Pt and FePc, which is
induced by the spin-Hall effect38 in Pt, is absorbed by FePc.
The absorption, that is, spin-angular momentum transfer,
would be anisotropic to the in-plane (xy) direction of the
magnetic moments in FePc. Such an in-plane anisotropy of the
spin-transfer efficiency would induce anisotropic reflection of
the spin current at the Pt/FePc interface. Therefore, negative
magnetoresistance appears via the inverse spin-Hall effect in Pt,
as schematically shown in Figure 4e, that is, the spin-Hall
magnetoresistance. The spin transfer from metal (Pt) to
molecule (FePc) can be analogous to that from metal (Pt) to
insulator (Y3Fe5O12). As previously discussed,39,40 the spin-
mixing conductance at the Pt/Y3Fe5O12 interface is finite. The
nonzero mixing conductance would be attributed to the spin-
exchange interaction41 between a conduction electron in Pt
and a localized moment in YIG at the interface. Similarly, it is
plausible that there is a finite spin-mixing conductance at the
Pt/FePc interface.
One may think that the observed negative magneto-

resistance originates from anisotropy of the weak (anti)-
localization and/or Hanle magnetoresistance35,36 effects.
However, as confirmed in Figure 3b, the WAL in Pt/FePc is
fully suppressed and should not contribute to the observed
magnetoresistance. Moreover, Hanle magnetoresistance is not
sensitive to temperature36 and cannot reproduce the temper-
ature dependence confirmed in Figure 4c.

Figure 4. (a) Magnetoresistance of Pt/FePc under in-plane (xy)
magnetic field measured at 2 K. (b) Magnetoresistance of Pt/H2Pc.
(c) Temperature dependence of magnetoresistance of Pt/FePc under
magnetic field in the y-direction. Here, ΔR denotes the device
resistance subtracted by that measured at B = 0. (d) Temperature
dependence of the magnetoresistance ratio at By = 1.5 T. (e)
Schematic of the spin-Hall magnetoresistance in a Pt/FePc device.
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In conclusion, the magnetoresistance of a Pt/FePc system
was characterized and it was found that adsorption of FePc
molecules strongly suppresses the WAL in Pt, which shows the
presence of an interaction between the Pt conduction electrons
and the magnetic moment in FePc. Moreover, in-plane
magnetoresistance contains a signature of the spin-Hall
magnetoresistance. The results show that spin transfer from
metal to molecule is feasible and can be used as an electric
control and read-out in a molecular system.
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