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The use of molecular spin state as a quantum of information for storage, sensing and
computing has generated considerable interest in the context of next-generation data
storage and communication devices1, 2, opening avenues for developing multifunctional
molecular spintronics3. Such ideas have been researched extensively, using singlemolecule magnets4, 5 and molecules with a metal ion6 or nitrogen vacancy7 as localized
spin-carrying centres for storage and for realizing logic operations8. However, the
electronic coupling between the spin centres of these molecules is rather weak, which
makes construction of quantum memory registers a challenging task9. In this regard,
delocalized carbon-based radical species with unpaired spin, such as phenalenyl10, have
shown promise. These phenalenyl moieties, which can be regarded as graphene
fragments, are formed by the fusion of three benzene rings and belong to the class of
open-shell systems. The spin structure of these molecules responds to external stimuli11, 12
(such as light, and electric and magnetic fields), which provides novel schemes for
performing spin memory and logic operations. Here we construct a molecular device using
such molecules as templates to engineer interfacial spin transfer resulting from
hybridization and magnetic exchange interaction with the surface of a ferromagnet; the
device shows an unexpected interfacial magnetoresistance of more than 20 per cent near
room temperature. Moreover, we successfully demonstrate the formation of a nanoscale
magnetic molecule with a well-defined magnetic hysteresis on ferromagnetic surfaces.
Owing to strong magnetic coupling with the ferromagnet, such independent switching of
an adsorbed magnetic molecule has been unsuccessful with single-molecule magnets13.
Our findings suggest the use of chemically amenable phenalenyl-based molecules as a
viable and scalable platform for building molecular-scale quantum spin memory and
processors for technological development.
The diversity and flexibility of molecular synthesis has given researchers ample freedom
to design functional molecules for spintronics. These include molecular magnets14, spinfilter molecules15, spin-crossover molecules16, molecular batteries17, molecular
conductors10, molecular switches12, and spacer layers for organic spin valves18 and magnetic
tunnel junctions19, 20. Using such synthetic techniques, we have designed a neutral planar
phenalenyl-based molecule, zinc methyl phenalenyl (ZMP, C14H10O2Zn; see Fig. 1a and
Methods), that has no net spin. When these molecules are grown on a ferromagnetic
surface, interface spin transfer causes a hybridized organometallic supramolecular magnetic
layer to develop, which shows a large magnetic anisotropy and spin-filter properties21. This
interface layer creates a spin-dependent resistance and gives rise to an interface
magnetoresistance (IMR) effect.
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Figure 1: Interface magnetoresistance effect.

a, Molecular structure of zinc methyl phenalenyl (ZMP) in a neutral state with no net spin (top).
Charge transfer processes through hybridization on the ferromagnet surface can change the
chemical state of the phenalenyl moiety from neutral to an anionic radical (bottom) with net
moment. b, Magnetoresistance measurements (data points) of a device with a single ferromagnetic
electrode (Co (8 nm)/ZMP (40 nm)/Cu(12 nm)), measured at 15 mV after cooling the device to 4.2 K
in a magnetic field (about −550 Oe). Blue and red data points refer to positive and negative field
sweeps respectively. The solid lines are guides to the eye. The magnetoresistance loop corresponds
to the switching of the Co magnetization, as shown in the two insets, with respect to the hard
magnetic layer forming at the interface (yellow). Left and right insets show the Co magnetization
pointing in the negative and positive direction, respectively.

We demonstrate IMR response in a vertical-junction molecular device consisting of a ZMP
thin film grown on a (111) textured f.c.c. cobalt (Co) film surface (see Methods). Figure 1b
shows a magnetotransport measurement on such a device with copper (Cu) as the top
contact electrode over a 40-nm ZMP spacer layer. The device is cooled down to 4.2 K in a
magnetic field of −550 Oe. The nonlinear current–voltage (I–V) characteristics of the device
(see Supplementary Information) suggest tunnelling as the dominant transport mechanism.
A large magnetoresistance signal, close to 25%, is observed when the Co magnetization
switches at its coercive field. Here we only show the minor loop corresponding to the
switching of one ferromagnetic electrode, while the second electrode is non-magnetic Cu.
Furthermore, when the bottom Co electrode is replaced by Cu, there is no
magnetoresistance signal. These observations imply that the magnetoresistance effect
arises due to the switching of the Co electrode with respect to a hard magnetic layer, either
at the interface or within the bulk of the ZMP film. Bulk magnetism in ZMP can be ruled out
(see Supplementary Information), clearly pointing to an interfacial phenomenon as being
responsible for the IMR effect.
The IMR response is confirmed by performing magnetoresistance measurements on a
standard magnetic junction structure, replacing Cu with Permalloy (Py): Co/ZMP (35 nm)/Py
(Fig. 2a). Instead of seeing a ‘standard’ magnetoresistance signal, a large IMR of 42% with
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sharp switching at the coercivity (Hc) of Co (±38 Oe) is observed. A low-field scan showed a
second independent IMR loop corresponding to the Hc of the Py electrode (±3 Oe). The Hc of
the ferromagnetic electrodes is confirmed from the anisotropic magnetoresistance (AMR)
measurements of the electrodes. These results suggest that the magnetoresistance does not
arise from conventional spin-conserved tunnelling/transport through the organic barrier
between the two ferromagnetic electrodes20. This is further confirmed by inserting an
ultrathin layer of Al2O3, 0.7 nm thick, at the bottom interface to create an interfacemodified junction—Co/Al2O3/ZMP/Py—that showed a resistance change only when the Py
magnetization was switched (Fig. 2b). Clearly, the ZMP has to be in direct contact with the
ferromagnetic surface to observe IMR. The switching response of the interface layer was
characterized in larger magnetic fields (Fig. 3a and b, and Supplementary Information). For
Co/ZMP/Py at 4.2 K, the bottom Co/ZMP interface layer switches at about ±600 Oe to the
low-resistance state (the switching field varied from device to device). After warming up to
near room temperature (~250 K), the device showed a large IMR of 22% with a lower
switching field (~100 Oe) of the interface layer.
Figure 2: Confirmation of IMR.

a, Top panel, magnetoresistance measurements (black data points) on a Co (8 nm)/ZMP (35 nm)/Py
(12 nm) device (at 25 mV) show independent IMR response of both the bottom Co/ZMP interface
and the top ZMP/Py interface around zero field. Left inset, zoomed-in view showing low field scan.
Right inset, IMR of bottom Co/ZMP interface versus applied bias shows a flat response under low
bias conditions with a maximum of 50% in negative bias. Middle and bottom panels show AMR
measurements of Co and Py electrode, respectively. b, Magnetoresistance measurements on an
interface-modified junction, Co (8 nm)/Al2O3 (0.7 nm)/ZMP (30 nm)/Py (12 nm), show 3% IMR (at 50
mV) due only to Py switching (data points). The blue and red curves refer to positive and negative
field sweeps, respectively, and arrows show sweep direction.

A similar two-step switching magnetoresistance response has been reported in devices
using one ferromagnetic electrode: (Ga,Mn)As/Al2O3/Al tunnel junctions22. The
magnetoresistance in such tunnel devices is referred to as tunnelling anisotropy
magnetoresistance (TAMR), which arises from the magnetization-dependent total density of
states of the tunnelling electrons at the surface. The observation of TAMR has also been
reported in organic spin-valve structures using epitaxial lanthanum strontium manganese
oxide electrodes23. However, our above experimental observations suggest the origin of IMR
in our device to be interfacial and different to that of TAMR. Though the details of the
interface phenomenon need further study, we suggest an interface model strengthened by
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ab initio calculations that reasonably explain our experimental observations. Figure 3c and d
shows the model: the interface magnetic layer comprises the hybridized Co surface layer
with an adsorbed ZMP dimer. The adsorbed dimer forms a pair of magnetic and spin-filter
molecules. The Co electrode with spin polarized s-p electrons serves as the spin-polarizer,
and the interface magnetic layer with spin-dependent interface resistance serves as the spin
analyser, giving rise to IMR.
Figure 3: Interface switching response and interface model.

a, b, IMR measurements under high magnetic field on the device Co (8 nm)/ZMP (35 nm)/Py (12
nm): a, at 4.2 K showing large switching field (Hc ≈ 600 Oe) of the interface layer; b, at 250 K,
showing large IMR of 22% with reduction in switching field (~100 Oe). c, Ab initio model: top view
(left) and side view (right) of the relaxed molecules’ configuration on a Co(111) surface; grey,
carbon; red, oxygen; purple, zinc. The first-layer ZMP molecule (‘magnetic molecule’) absorbs flat,
with six α-carbons and the central carbon of the phenalenyl sitting directly on top of Co atoms, while
the β-carbons of the phenalenyl sit in a bridge position between Co atoms. The molecular plane is
~2.1–2.2 Å above the Co(111) surface (the C atoms are ~2.1 Å above, the O and Zn atoms are ~2.2 Å
above). The second molecule (‘spin filter molecule’) sits in a staggered configuration over the first
adsorbed molecule with a spacing of ~3.26 Å, forming a molecular π-dimer. d, Device model: an
interface magnetic layer comprises the surface hybridized Co atoms with the molecular dimer on
top, forming a magnetic molecule and a tunnel spin-filter molecule. Shown are relative
magnetization directions of the interface magnetic layer and the bottom bulk Co at various field
values (R, resistance; H, magnetic field; arrow labelled HFC shows direction of field cooling). Arrows
in the spin-filter molecule represent the two electron-spin energy levels.

Chemical modification of the ferromagnet/ZMP molecule interface arises owing to charge
transfer and hybridization of the molecular orbitals with the d-orbitals of the ferromagnet,
creating new hybrid metal–organic interface states that directly affect the electronic and
magnetic properties of the adsorbed molecule24. These interactions strongly depend on the
specific molecular structure and morphology25, 26, influencing the efficiency of spin
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polarization and spin injection at the interface. In the case of ZMP, the planar geometry of
the molecule provides an ideal situation for strong orbital overlap leading to d–p
hybridization effects. Spin-polarized first-principles calculations using density-functional
theory (DFT) were carried out in zero magnetic field on such a hybrid metal–organic
interface, comprising five Co(111) layers and either one or two molecular layers of ZMP on
top (see Methods and Supplementary Information).
The pz atomic-type orbitals of the planar ZMP molecule hybridize strongly with the dstates (mainly with
, dxz and dyz orbitals) of the Co atoms, forming hybrid molecule–metal
pz–d interface states with bonding and anti-bonding characters24. The calculated spinresolved projected density-of-states (PDOS) is shown in Fig. 4a and b. The molecular energy
levels of the first adsorbed ZMP molecule are broadened, becoming a component of the
metallic hybrid molecule–surface states. In addition, the molecular layer acquires a net
moment of 0.11µB oriented anti-parallel to the moment of the hybridized surface layer of Co
atoms giving an anti-ferromagnetic (AFM) coupling (JCo-ZMP < 0). The moment of the surface
Co atoms is lowered to ~1.7µB per atom (bulk moment ~1.9 µB per atom).
Figure 3: Interface switching response and interface model.

a, Spin-resolved PDOS of the p-states for the first-layer (green) and second-layer (purple) ZMP
molecule of the relaxed interface system. Interface pz–d hybridization creates spin-unbalanced
electronic structure in the two molecules. b, Zoomed-in view of the PDOS in a in the energy interval
[−1.5, 1.5 eV]. The LUMO of the second ZMP molecule is spin-split by 0.14 eV, leading to a difference
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in the barrier height for the two spin channels. c, Calculation of MAE due to surface
magnetocrystalline anisotropy for the organometallic supramolecule comprising seven hybridized Co
atoms (gold) with the ZMP molecular dimer as a model system. The MAE of the supramolecule is
calculated (table) for three different in-plane magnetization orientations with respect to the out-of
plane magnetization defined here as the c axis.

Our calculations show that the distance between the phenalenyl rings in the magnetic
molecule and the molecule above is ~3.26 Å, which is smaller than the sum of the van der
Waals radii of the carbon atoms11. This suggests a weak chemical bonding of the molecular
π-dimer. The PDOS of the second-layer ZMP molecule resembles the molecular-type
discrete energy levels above and below the Fermi level (EF). Although the calculations show
that the second ZMP molecule has no magnetic moment, the π–π interaction with the
magnetic molecule creates a spin-unbalanced electronic structure. The first energy level
above EF (the lowest unoccupied molecular orbital (LUMO) level) is observed to be spin-split
by ~0.14 eV (Fig. 4b), defining two different barrier heights for spin tunnelling injection: a
lower one for spin-down electrons (φ↓) of 0.73 eV and a higher one for spin-up electrons
(φ↑) of 0.87 eV, leading to a spin-dependent interface resistance. It is well known that
conventional spin-filter tunnelling of this type (using magnetic semiconductors such as EuS,
EuO, and so on) can be highly efficient21.
The independent switching of the interface magnetic layer close to room temperature
implies a significantly large surface magnetic anisotropy energy (MAE ~>10kT). Because the
molecule is composed of low-atomic-number elements that show weak spin–orbit coupling,
the magnetic molecule alone cannot account for such large MAE. DFT study shows that the
induced magnetic moment in the adsorbed ZMP molecule depends directly on the magnetic
interaction with the surface Co layer. Therefore, the observation of IMR response suggests
interface hybridization as the source of MAE. We expect an enhancement in MAE5, 27 of the
Co surface (Ksur, in units of per surface atom) and significant weakening of the magnetic
exchange interaction between the surface Co layer and the layers below it (J⊥). Calculations
of MAE were performed on a model organometallic supramolecule, comprising seven Co
atoms with the molecular dimer on top. The calculated MAE for different in-plane
magnetization orientations is listed in Fig. 4c, showing a large enhancement of in-plane Ksur,
~180 µeV per surface Co atom as compared to bulk anisotropy energy of 19 µeV per atom28.
This enhancement in Ksur is in line with our experimental observations. Further, the
anisotropy tends to be uniaxial, with the easy axis along the field cooled orientation (see
Supplementary Information).
Magnetic exchange interactions at the ferromagnet surface can be weaker than within the
bulk. Owing to reduction in the moment and fewer magnetic neighbours at the interface, the
interatomic magnetic exchange coupling (J) can reduce considerably, and become
comparable to or even lower than the surface anisotropy29, 30: that is, J/Ksur~<1. In such
cases, the bulk magnetization can switch before the surface magnetization28. For bulk f.c.c.
Co, J is computed to be ~8.54 meV per atom, consistent with the values reported by others28
(see Supplementary Information). For a hybridized Co surface this value is reduced to 1.34
meV per Co atom, corresponding to a 70% reduction in J⊥ compared to a clean Co surface
(see Supplementary Information for J⊥ calculation). The strong effect of interface
hybridization on the properties of the Co surface layer is clearly evident from these studies,
signifying a large increase in the ratio Ksur/J⊥ compared to the bulk (K/J ≈ 0.002)28. This
phenomenon explains the switching response of the interface magnetic layer responsible for
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the observed IMR. Deeper understanding of the interface mechanisms responsible for
magnetic switching and the occurrence of IMR is a subject for future studies.
In order to use the adsorbed magnetic molecule as a source of information or a magnetic
‘bit’, one needs to be able to independently switch the moment of the adsorbed molecule.
The use of phenalenyl-derived molecules provides a unique advantage in this regard. Using
chemical synthesis, one could tune the chemical state (that is, cation, radical or anion) as
well as the topological state of the phenalenyl moiety in the molecule, and control the
charge transfer and hybridization effects with the ferromagnet surface. In the case of ZMP,
the observation of an asymmetric magnetoresistance behaviour near room temperature
(Fig. 3b) suggests a weakening of magnetic exchange coupling JCo-ZMP, leading to
independent magnetization switching of the magnetic molecular dimer from parallel to antiparallel alignment and vice-versa with respect to the hybridized surface Co layer. The above
results demonstrate the potential for engineering the interface magnetic exchange
interaction at the molecular level to control the independent hysteretic response of the
adsorbed magnetic molecule. In addition, the IMR response provides a robust mechanism to
probe and manipulate the spin state of the magnetic molecule, paving way to the
development of room temperature molecular memory devices. Furthermore, the spin
structure of the phenalenyl ligands can take the role of bus qubits9 in tailor-made molecular
networks for realizing future molecular quantum information processing systems.

Methods
Synthesis of ZMP
(ZMP has CCDC structure no. 859902.) As a starting material 9-hydroxy-1-oxophenalene was
synthesized and dissolved (0.196 g, 1.0 mmol) in tetrahydrofuran (20 ml) and ZnMe2 (1.2 M
in toluene; 1.0 ml, 1.2 mmol) was added. The resulting solution was concentrated under
reduced pressure and kept at −20°C for a day to develop suitable crystals (see
Supplementary Information for details).
Device preparation
The thin film devices were fabricated on pre-cleaned glass substrates in a high vacuum
thermal deposition chamber (10−7 torr) with in situ shadow masking. The Co bottom
electrode was grown on cooled substrates (80 K) using electron-beam evaporation. The ZMP
organic layer and top electrodes were subsequently grown at room temperature. The
junction area was 200 μm × 200 µm. The device was covered by a 10-nm-thick Al2O3 capping
layer. In each pump-down 72 junctions were made, and about 15 such junction sets were
investigated by varying the organic layer thickness and the interface as well as the type of
top and bottom electrodes.
DFT method
Spin-polarized first-principles calculations were performed using density-functional theory
(DFT) by employing the generalized gradient approximation (PBE, for Co atom PBE+U, with
Ueff = 3.0 eV; see Supplementary Information for details) in a projector augmented plane-
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wave formulation as implemented in VASP code. The structural relaxations included the van
der Waals forces in a semi-empirical approach.
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