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O
rganic spintronics has drawnmuch
attention since the past decade,
because of not only advantages

like flexibility and bottom-up fabrications
in organicmaterials for electronics,1 but also
weak spin�orbit coupling, which leads to
longer spin coherence distance and time.2,3

While spin conservation during electron
transport is improved in organic materials,
organic�ferromagnetic (FM) heterostruc-
tures raise additional issues of spinter-
faces.4,5 Molecules become spin-polarized
after attaching to magnetic surfaces, which
depends on interfacial interactions. The
spin-polarized states can influence spin in-
jection efficiency and result in phenomena
such as sign reversal of magnetoresistance
in spin valves.6 In organic electronics,
π-conjugations allow electrons to transport
through stacked molecular layers.7 One
famous π-conjugated molecule is PEN
(C22H14), which is composed of five linear-
fused benzene rings (top inset in Figure 1a).
Used as a p-type organic semiconductor in
thin film transistors,8,9 PEN also plays a suc-
cessful role in spin valves,10,11 in which
interfacial interactions with PEN influence
magnetic properties in FM Co layers12

and magnetoresistance performance.11

Surprisingly, detailed investigations into
PEN�FM spinterfaces are essential but still
lacking.
In this article, to resolve the PEN�FM

spinterface at the nanoscale, we visualize
spin-distribution within single PEN mol-
ecules via spin-polarized scanning tunnel-
ingmicroscopy (SP-STM) and spin-polarized
scanning tunneling spectroscopy (SP-
STS),13,14 which have been used to resolved
intramolecular spin-distribution.15,16 Depos-
ited on FM Co nanoislands on Cu(111),17�21

the PEN symmetry not only clarifies stacking
methods of Co islands, but also appears
spin-dependent near the Fermi level, which
emphasizes the necessity of introducing
spin-dependent measurements in studies
in molecular structures. Coexisting PEN
spin-polarization opposite to Co agreeswith
the pz�d Zener exchange mechanism re-
cently introduced for hybridizations be-
tween molecule π(pz) orbitals and surface
d states.22,23 Our ab initio density functional
theory (DFT) calculations shows spin-de-
pendent splitting of a PENmolecular orbital
(MO). Comparing calculations and experi-
mental results, we conclude that the spin-
selected PEN symmetries result from the
spin-dependent antibonding state in pz�d
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ABSTRACT Incorporating spin-polarized scanning tunneling

microscopy (SP-STM) measurements and first-principles calculations,

we resolve spin-polarized states and consequent features in a

pentacene(PEN)�Co hybrid system. Symmetry reduction of PEN

clarifies the PEN adsorption site and the Co stacking methods. Near

the Fermi energy, the molecular symmetry is spin-dependently

recovered and an inversion of spin-polarization in PEN with respect

to Co is observed. The experimental findings and calculation results

are interpreted by a pz�d hybridization model, in which spin-dependent bonding�antibonding splitting of molecular orbitals happens at metal�organic

spinterfaces.
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hybridizations, which also contributes to themeasured
PEN spin-polarization.

RESULTS AND DISCUSSION

For comparison, we first deposit PEN on pristine
Cu(111) at submonolayer coverage. Isolated PEN mol-
ecules exhibit three adsorption orientations as shown
in Figure 1a with visible intramolecular protrusions.
The protrusion pattern is in consistencewith a previous
study of Lagoute et al. and corresponds to the lowest
unoccupied molecular orbital (LUMO) of PEN.24

Lagoute et al. have also revealed that PEN aligns its
long axis along Æ110æ on Cu(111) and adsorbs at the
hcp hollow site, at which the central benzene ring is
located. Although Cu atoms under PEN are asymmetric
along the long axis, the C2v symmetry of PEN remains
apparent due to mild hybridizations with Cu.
Depositing PEN on Co nanoislands on Cu(111), we

observe a depopulation of the bare Cu surface, and a
gathering of PEN molecules on the islands. This indi-
cates stronger hybridizations of PEN on Co than on Cu.
PEN molecules stay isolated from each other and
follow the same adsorption orientations as on Cu(111),
but the free molecule C2v symmetry is reduced to Cv.
Figure 1b,c shows PEN on a Co island with faulted and
unfaulted stacking on Cu(111), respectively. (Stacking
fault is determined in STS by the energy positions of
the characteristic peak of the dz2 state at about �0.3 V
and by the ratio of island numbers pointing up vs

islands pointing down. The ratio is around 1:2 and
agrees with the ratio of the faulted to the unfaulted
islands in literatures. The statistical result is from 322
islands.) On both islands, PEN molecules are bent,
possessing only a mirror symmetry with respect to
the PEN short axis. Top and bridge sites are excluded
from possible adsorption sites because of the lack of
rotational symmetries and the existence of the mirror
symmetry (see Supporting Information). As a result, the
most possible adsorption site with a high symmetry is

the hollow site. Compared to the PEN�Cu adsorption,
stronger hybridizations with Co reflect asymmetric
arrangements of Co atoms underneath and distort
the PEN geometry.
It is worth noting that two kinds of hollow sites exist:

hcp and fcc hollow sites, which are categorized by
whether or not there is an atom in the bottom Co layer.
If both hollow sites were PEN adsorption sites, there
would be six PEN geometries separated by a 60 degree
rotation on all islands. However, without perturbations
such as adsorbate attachment or island boundaries,
the convex side of PEN molecules always aims at the
island edges instead of the corners (Figure 1b,c). That
is, on the faulted islands, only three PEN geometries
separated by 120� can be found, whereas the other
three exist on the unfaulted islands. The results sug-
gest that, influenced by the bottom-layer Co, PEN is
adsorbed at only one kind of hollow sites for each
stacking method. In DFT calculations, we build four
possible stackingmethods of Co and the fcc hollow site
always results in lower PEN adsorption energy, which
supports the aforementioned speculation that only
one kind of hollow site works as the PEN adsorption
site on Co. Figure 2a is one optimized structure of the
four calculated systems, in which the Co layers follow
the unfaulted stacking and PEN locates at the fcc
hollow site. (Although the metallic system is in a thin
film structure in calculations, the characteristic surface
states of Co are successfully reproduced. The same
method has been used in literatures as ref 19.) The
optimized PEN in Figure 2a is found asymmetrically
distorted from the side view. Combining Tersoff�
Hamann theory25 and DFT calculations, we simulate
STM images (Figure 2b), in which the bending of the
molecule is reproduced.
However, drawing four PEN adsorption situations in

Figure 2c�f, we find that it is impossible for all of them
to be valid. While PEN convex sides point to the island
edges in STM images, Figure 2e,f gives contrary results.

Figure 1. (a) STM image of PEN molecules adsorbed on the Cu(111) surface. Protrusions inside the molecules resemble the
LUMO of PEN (in the zoom-in inset, 4 nm� 4 nm, Vbias: 0.5 V). PEN chemical structure is shown in the top-right inset. (b and c)
Contourmaps of PENmolecules on a faulted Co island and on an unfaulted Co island on Cu(111), respectively (height interval:
8 pm), in which the bending of molecules is revealed as marked. Zoom-out images containing the whole islands are in the
insets. (Inset in (b), 16 � 16 nm2, Vbias = 0.5 V; inset in (c), 20 � 20 nm2, Vbias = 0.5 V).
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Therefore, the correct stacking methods for the Co
islands are acBA and caBA instead of the other two
(lower-case and capital letters represent Co and Cu,
respectively, in the order from top to bottom). In fact,
despite of intense studies on the Co/Cu(111) system,
concrete determination of the top-layer Co stacking is
rare.26 Molecular symmetry reduction leads to a new
way to solve stacking ambiguity in systems like Co
nanoislands.
To study magnetic properties of PEN adsorbed on

Co, we utilize SP-STM to achieve direct spin-resolved
measurements. Co nanoislands are FM nanostructures
with out-of-plane magnetic anisotropy, and output
different dI/dV signals with different magnetization
orientations in SP-STS maps. In Figure 3a, contrast of

the Co islands appears at �0.3 eV due to opposite dz2
minority states, which also contributes to the charac-
teristic peak at �0.3 eV in SP-STS curves (Figure 3b).
On PEN molecules, we find a new spin-polarized state
at around�0.1 eV. Contrary to the Codz2minority state,
the new state has higher intensity on the dark island
than on the bright island in Figure 3a, which indicates
that it is a majority state. Therefore, spin polarization
right below the Fermi level is locally reversed via PEN
adsorption on Co.
PEN molecules also exhibit spin-dependent symme-

tries at�0.1 eV in SP-STM images. On the bright island
in Figure 3a, PEN molecules are bent and divided into
three sections (Figure 3c), while they are more oval
on the dark island (Figure 3d). We defined a bending

Figure 2. (a) Optimized structure of a PEN molecule adsorbed on bilayer Co on bilayer Cu obtained from DFT calculations.
The stacking order is acBA, starting from the top Co to the bottom Cu layer, which are represented by lower-case and capital
letters, respectively. PEN is asymmetric along the long axis in the side view. (b) Simulated STM image of the system in (a) at
�0.1 eV with the PEN atomic structure. (Height for simulation: 4 Å.) (c�f) Schematics of PEN adsorption on Co islands of
4 stackingmodels. Thick black lines indicate the bending directions of PENmolecules. It can be seen that only in (c) and (d) the
PEN convex direction matches experimental results in Figure 1.

Figure 3. An SP-STS (a) map (Vbias:�0.3 V) and (b) curves measured on themarked islands. Co islands exhibit strong contrast
due to theminority dz2 state at�0.3 eV as in ref 31. Inset in (a): topography of the area in (a) taken at the same energy. (c andd)
SP-STM images taken at �0.1 V, at which a new spin-polarized state occurs. On islands with opposite magnetization
orientations, PEN exhibits different geometries. Blackmarks emphasize features in shape of the PENmolecules and the angle
θ between line segments is measured for approach to symmetry determinations. (e) Minority and (f) majority integrated
PDOS of PEN on Co from 0 to �0.1 eV, in which molecule shapes are consistent with (c) and (d), respectively.
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angle θ, which is marked on Figure 3c,d, to represent
the extent of PEN symmetry deviation from the original
C2v one. The averaged angle θ between segments from
the molecule center to both ends is 157.3� and 173.5�
for PEN on the bright and the dark islands, respectively,
while for a perfect C2v symmetry, θ should be 180�.
(Statistical distributions of θ of PEN on islands with
opposite magnetization orientations are shown in
Supporting Information.) The results indicate that near
the Fermi level, the symmetry of PEN is spin-depen-
dent, which almost recovers C2v symmetry on the dark
island.
On thedark island at�0.1 eV, the PENmajority states

contribute more to SP-STMmeasurements than on the
bright island; thus, the symmetry recovery of PEN
should result from the majority states. We resolve the
electron distribution in PEN spin-dependently by cal-
culating integrated partial density of states (PDOS) of
the new spin-polarized state in adsorbed PEN. In the
[�0.1, 0] eV energy interval, minority electrons have a
curved distribution with high intensity at both ends
and the center (Figure 3e), whereas majority electrons
present a more oval shape (Figure 3f). In spite of
the existence of geometric symmetry-reduction, mol-
ecules can stay symmetric in STM images because of a
symmetric electron distribution.27,28 The DFT calcula-
tions suggest that our SP-STM findings in Figure 3c,d
originate fromelectron distributionswith different spin
orientations.
Figure 4a shows the calculated Co dz2 PDOS without

and with PEN adsorption. While most of the d states
vary slightly (see Supporting Information), the dz2
states are broadened and shifted by PEN adsorption.
Solving the PDOS of PEN, we find that pz MOs
are dominant in the energy range in Figure 4, whereas
the in-plane p orbitals (px, py) contribute very little
(see Supporting Information). Due to proximity in
space, the out-of-plane orbitals are easy to overlap with
each other; thus, hybridizatinos betweenC pz and Codz2
states are as expected. Acting as an electron donor,
Co transfers 2.16 e� to PEN, which largely reduce
amplitude of the Co dz2 states near the Fermi level. In
Figure 4b, perceptible hybridizations are found in the
[�0.8, 0.4] eV energy interval, in which C pz and Co dz2
majority states share similar PDOS distributions. In this
energy range, the PEN molecule is majority-dominant
and opposite to the pristine Co. This inversion of spin-
polarization is exactly what we have experimentally
confirmed in Figure 3b using SP-STM.
Examining the composition of PEN pz states by

projecting the pz electron distribution to different
PEN MOs, we find that the highest occupied MO
(HOMO) contributes themost in the [�0.1, 0] eV energy
interval. The HOMO is broadened due to hybridization
with Co; furthermore, the majority HOMO is divided
into two energy regime, whereas minority HOMO re-
mains asone (marked in Figure 4b). The spin-dependent

MO splitting agrees with the pz�d Zener exchange
mechanism recently introduced to organic-FM hy-
bridizations.22,29,30 The model predicts that the pz
majority MO splits into bonding and antibonding
states hybridizing with the substrate d states, while
the minority MO has weaker hybridization. To clarify
the PEN HOMO bonding methods, we illustrate major-
ity integrated PDOS in the [�3, �2.6] and [�0.4, 0] eV
energy intervals. Shown in the insets of Figure 4b, the
calculated integrated PDOS in the [�0.4, 0] energy
range has repulsion of electrons between Co and the
PEN molecules, which indicates that the HOMO forms
an antibonding state with the Co support. On the
contrary, the PEN molecule and Co share the electrons
in between and form a bonding state in the [�3,�2.6]
eV energy range. Therefore, we conclude that the PEN
HOMO hybridizes with the Co substrate based on the
pz�d Zener exchange mechanism. In addition, the
more symmetric integrated PDOS in Figure 3f agrees
with the antibonding feature since the electron dis-
tribution in space is less perturbed by Co arrangement
underneath. The result supports the experimentally
observed spin-dependent molecule symmetry, which
can only be observed via SP-STM capable of making
spin-selective maps.

CONCLUSION

The symmetry reduction of PEN on Co nanoislands
has been investigated from the origin to the deduc-
tions based on it. On the basis of the bending of the

Figure 4. (a) Calculated PDOS of surface Co with and with-
out PEN above. The Co dz2 states change the distribution
after PEN adsorption. (b) PDOS of Co dz2 states after PEN
adsorption and PEN pz orbitals. Correspondence inmajority
PEN pz and Co dz2 states exists near the Fermi level. The PEN
HOMO projection is put on the plot as well. Green dashed
lines indicate the distribution of the PEN HOMO. Insets:
integrated PDOS in the [�3, �2.6] and [�0.4, 0] eV energy
intervals, in which bonding and antibonding features are
shown, respectively.
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PEN geometry, we determine the PEN adsorption site
(the fcc hollow site) and the stackingmethods of the Co
islands via combined experimental and theoretical
works. Using SP-STM, we find not only spin-polarization
locally reversed by PEN, but also spin-dependent
molecule symmetries. From DFT calculations, we inter-
pret the experimental results as a consequence of the
pz�d hybridization between PEN and Co. While the
minority HOMO is only broadened, themajority HOMO
is split into the bonding and the antibonding states.
The antibonding majority HOMO contributes to the
reversed spin-polarization at around �0.1 eV, and

agrees with the spin-dependent PEN symmetries ob-
served in the same energy range. Our observations of
spin-dependent molecular symmetries introduce an
important and intrinsic factor in determining molecular
symmetries, namely, spin, which should be considered
as well as geometric and electronic status. Antibonding
states from pz�d Zener exchange mechanism help
molecules to recover symmetry spin-dependently re-
gardless of structure distortion, and show a concise way
to predict and manipulate molecular spin-distribution
near the Fermi level through deposition of π-conjugated
molecule on magnetic substrates.

METHOD
All experiments are performed in an Omicron multifunction

chamber in ultrahigh vacuum with low-temperature STM. Ex-
periments start from cleaning the Cu(111) substrate by 1 keV
Arþ sputtering and subsequent annealing at around 700 K.
Removal of impurities is confirmed by Auger electron spectros-
copy, and a flat Cu(111) surface with monolayer-high terraces is
observed in STM images. Triangular Co islands form on Cu(111)
at room temperature after deposition of Co with the molecular
beam epitaxy technique. PEN molecules are deposited using a
homemade thermal evaporation gun at deposition temperature
around420K. The samples are transferred into the low-temperature
STM at 4.5 K immediately after above in situ preparations to
suppress Cu intermixing. We use W tips and Co-coated Fe�
Mn�C-alloy tips31 for STM and SP-STM, respectively.
For DFT calculations, the Quantum ESPRESSO package is

used,32 with a plane-wave basis set, within generalized gradient
approximation33 for exchange-correlation interactions. The van
der Waals interaction is also employed.34�36 Two layers of Co
are designed to sit on two layers of Cu following the fcc (111)
direction, and PEN is put on the Co layers with adsorption sites
described in the Results and Discussion section. Convergence
with respect to the number of Cu layers has been confirmed in a
previous work of Mn-phthalocyanine on the Co islands,37 in
which three and two layers of Cu provide almost the same
results in calculations. The spacing between two slabs is larger
than 20.0 Å. The cut off kinetic energy and charge density are 25
and 250 Ry, respectively. The convergence conditions are that
the force acting on each atom is smaller than 10�3 Ry/Å and the
self-consistent converged criterion is 10�5 eV. Combining
Tersoff�Hamann theory,25 simulated STM is performed at
reasonable height of 4 Å, which, according to calculations, is
enough to ignore tip�sample hybridizations for W and C in
experiments.38,39 We use the Γ reciprocal point to sample the
Brillouin zone. Charge transfer is calculated with Bader charge
analysis.40�42
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