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Direct evidence of an organic-based magnet with a finite electron spin polarization at the Fermi edge is
shown from spin-resolved photoemission of the �FeII�TCNE��NCMe�2��FeIIICl4� organic-based magnet. The
23% majority-based spin polarization at the Fermi edge is observed at 80 K in zero applied field. Ab initio
calculations at the density functional level �0 K� are in accord with a semiconductor with 100% majority-based
electron spin polarization at the band edges, commensurate with our experimental results and model prediction
for a half-semiconductor. Organic-based magnets may prove to be important for realizing polarized electron
injection into semiconductors for magnetoelectronic applications.
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I. INTRODUCTION

Organic-based magnets present a new class of materials
with capabilities toward magnetoelectronic applications not
possible from inorganic magnets. For example, organic-
based solids offer high interfacial stability because of small
differences between their surface and bulk free energies, long
spin carrier lifetimes due to low spin-orbit and/or hyperfine
interactions, and flexible tuning of the valence and conduc-
tion band edges.1–3 Further, some organic-based magnets
may offer very high electron spin polarization, akin to
a half-metal, but this idea has only been indirectly
demonstrated.4,5 We show here direct evidence of an
organic-based magnet exhibiting electron spin polarization in
the valence band, specifically, 23% polarization at the
Fermi edge from spin-resolved photoemission of the
�FeII�TCNE��NCMe�2��FeIIICl4� organic-based magnet.6

Ab initio calculations �0 K� reveal a half-semiconductor, with
100% majority-based electron spin polarization at the band
edges. Most importantly, organic-based magnets may enable
semiconductor magnetoelectronics,7 where inorganic solids
have struggled8 because of their demonstrated ability to si-
multaneously exhibit a semiconductor character and finite
spin polarization of carriers at room temperature.9

A family of organic-based magnets of MII�TCNE�x•zS
�M =V, Mn, Fe, Co, and Ni; TCNE=tetracyanoethylene; and
S=CH2Cl2� composition exhibits ordering temperatures, Tc,
ranging from 44 �M =Co, Ni� �Ref. 10� to �400 K for
M =V.11 The latter is also available as solvent-free thin
films.12,13 Although the detailed magnetic structures for the
MII�TCNE�x•zS �M =V, Mn, Fe, Co, and Ni� compounds
have yet to be established, magnetic ordering is proposed to
occur via strong antiferromagnetic �AFM� exchange between
the transition metal 3d and �TCNE�•− �� anion-radical un-
paired spins.13–15 The spin polarized electronic structure �Fig.
1�a�� for the most extensively studied member of this family
of compounds, VII�TCNE�x•zS was proposed to principally

arise from the on-site Coulomb repulsion within the
�TCNE�•− �� individually and AFM coupling between the
VII 3d and �TCNE�•− �� unpaired spins.4,5 As a consequence
of the strong AFM exchange between the unpaired VII 3d
electron spins and the �TCNE�•− �� unpaired spins,4,5 the
Coulomb energy �UC� split �TCNE�•− �� Hubbard
subbands16 each exhibit a single polarization or single spin
filling. The result is a half-semiconductor, similar to a half-
metal, where the valence and conduction band edges are both
100% majority polarized. As the spin polarized upper
�TCNE�•− �� subband is likely the lowest unoccupied state,
it is reasonable to assume that the charge carriers excited
over the gap—into the conduction band—are majority spin
polarized.

Recent magnetoresistance studies of V�TCNE�x films
have inferred a spin-driven effect attributed to a spin polar-
ized density of states �DOS�.4,5,18 Magnetic circular dichro-
ism of the V L2,3 edge and resonant photoemission at the
Fermi edge of V�TCNE�x and Rb+�TCNE�•− support the
presence of nonoverlapping spin polarized bands and the po-
tential for very high spin polarization close to EF.19–21 Mag-
netic circular dichroism of C and N in V�TCNE�x showed
that the spin in the VII�TCNE�•− �� orbital is delocalized
across the �TCNE�•− and is opposite in polarization to the
spin on VII.21 However, magnetoresistance �MR� and spin-
integrated photoelectron spectroscopy �PES� techniques are
indirect means of observing a finite spin polarization. A di-
rect means of determining binding energy-dependent elec-
tron spin polarization is from angle resolved spin polarized
photoemission spectroscopy �SPPES�,22 as presented here.

The organic-based �FeII�TCNE��NCMe�2��FeIIICl4�, 1,
�Tc=90 K� magnet was selected for initial SPPES because
of its known crystalline structure6 �Fig. 1�b��, modest air
sensitivity, and strong potential for high electron spin polar-
ization in the valence band. This structure is comprised of
buckled monocationic �FeII−�4− �TCNE�•−�+ layers that are
separated through space by the axially bound MeCN ligands.
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This results in an axially distorted octahedral coordination
environment around each FeII ion. Further, the spin polarized
electronic structure model for 1 may be generalized within
the half-semiconductor model despite different TCNE sto-
ichiometry and 3d �eg and t2g� filling; it is for this reason that
we draw a parallel between previous indirect measurements
for M =V, x�2 vs M =Fe, x�2 vs SPPES of M =Fe, x=1
here. The experimentally determined spin polarized elec-
tronic structure of 1 is complimented by calculations using
ab initio methods.23

II. EXPERIMENTAL AND CALCULATION DETAILS

1 was synthesized as described previously.6 The
polycrystalline sample was pressed into a
7-mm-diameter�0.5-mm-thick pellet at 0.5 kbar in a Dry-
box and then loaded and transferred in �1 ppm O2 and H2O
to a 10−8 Torr load lock and then a 5�10−11 Torr UHV
chamber for photoemission, where the sample was immedi-
ately cooled to prevent solvent �MeCN� loss. The spin polar-
ized photoemission was collected at the National Synchro-
tron Light Source, Beamline U5UA, utilizing an undulator
with spherical grating monochromator and spin detection
system.24 The magnetization direction was flipped for each
of the spectra collected by a pulsed 300 Oe field. When the
300 Oe pulsing field is applied—to switch the magnetization
during the measurement—the minor loop ��0.03 T� over-
laps within 3% of the major loop ��1.0 T�, indicating that
the spectra collected represent the true polarization at rema-
nence at 80 K, despite applying less than the field required
for saturation �Fig. 2�b��. All spectra shown were obtained at
80 K with the incident vector potential A at 45° with respect
to surface normal and the photoelectrons collected along
k� =0 or surface normal and incident photon energy of
h�=47.5 eV. The polarization was determined by
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FIG. 1. �Color online� Electronic and crystal structure models of
VII�TCNE�x•zS and 1. �a� Schematic illustration of the effects of
Coulomb repulsion, AFM coupling, and Pauli exclusion within and
between the VII 3d and �TCNE�•− �� in VII�TCNE�x•zS �modified
from Refs. 4 and 5�. The �� splitting, caused by the large
UC ��2 eV�, but modest transfer integral t ��0.1 eV�, forms oc-
cupied lower ���� and unoccupied upper ���+UC� subbands in ac-
cord with the Hubbard model �Ref. 16�. Due to a strong AFM
interaction between the �TCNE�•− �� and VII 3d spins sites, the
�TCNE�•− electrons in the lower subband are spin polarized antipar-
allel to the VII 3d. However, Pauli exclusion requires the spin po-
larization of the upper empty subband ��+UC to be antiparallel to
the �� or parallel to the VII 3d. The implication of this model is a
semiconductor with 100% polarization at the band edges, termed
half-semiconductor �Refs. 4 and 5�, following from half-metal
where a solid is metallic in one spin direction and insulating in the
other �Ref. 17�. �b� Structure of 1 �Ref. 6� with Cl �green�, C
�black�, N �blue�, H �white�, and Fe �yellow�.
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FIG. 2. �Color online� SPPES and polarization of 1. �a� Spin
majority ��� and spin minority ��� electron dispersion curves of 1
completed at 80 K with a photon energy of 47.5 eV and photoelec-
trons collected at surface normal. Inset: log �intensity� to illustrate
the difference in majority/minority states near the Fermi edge dem-
onstrating 23% majority polarization at the Fermi edge. �b� Electron
spin polarization computed from the raw spectra. The solid line �▬�
is an averaging guide. Inset: 80 K M�h�, using a 2 T saturation field
��� and minor loop 300 Oe field ���.
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the left/right channeltrons, and + /− is the magnetization di-
rection during collection; D�E� are the majority �↑� and mi-
nority �↓� DOSs. Note that the photoemission spectra shown
were repeatable over multiple positions of the pressed pellet
and that the background polarization from the surface sensi-
tive SPPES is important as it demonstrates that 1 was trans-
ferred successfully without oxygen-induced decomposition.
Further, it should be noted that 1 decomposes from the high
intensity available from the multipole wiggler
�1014 photons /cm2 /s� within 13 h, wherein the polarization
also goes to zero and is in accord with 1 being
ferrimagnetic.6 Lastly, the Fermi level and spin-polarization
asymmetry were calibrated by Au�111�, wherein the asym-
metry was determined at �1.2%.

The spin polarized electronic structure was calculated us-
ing the first-principles orthogonalized linear combination of
atomic orbital �OLCAO� method. OLCAO is a density-
functional-theory-based local orbital method employing the
local density approximation �LDA�. This method is particu-
larly suitable for complex low symmetry crystals such as 1.23

The calculation used a full basis set expansion consisting of
atomic orbitals of Fe ��Ar� core plus 3d ,4s ,4p ,5s ,5p ,4d�,
N �1s ,2s ,2p ,3s ,3p�, C �1s ,2s ,2p ,3s ,3p�, and
H �1s ,2s ,2p�. To achieve high accuracy, 60 k points in the
irreducible portion of the Brillouin zone of the orthorhombic
cell were used with the total energy convergence of 0.0001
eV/cell. Additional tests using 90 k points show no discern-
able difference.

III. RESULTS AND DISCUSSION

SPPES yields a quantity proportional to the spin-resolved
DOS as a function of binding energy. The spectra shown in
Fig. 2�a� demonstrate a strong ��6%� background polariza-
tion and significant difference in the intensity and binding
energy position of the spin-resolved bands. The intensity and
exchange differences of the spin-resolved photoemission fea-
tures in Fig. 2�a� yield the polarization �P� in Fig. 2�b� where
P is the ratio of the difference to the sum of spin-up and
spin-down photoemission intensities.22

The SPPES of Fig. 2�a� shows peaks of opposite spin
polarization with a splitting �labeled 	� of 0.9 eV between
−1.2 and −2.1 eV and a much less pronounced 0.5 eV split-
ting between −11.9 and −11.4 eV. No splitting is observed
for the broad feature centered at −7 eV, as expected for
doubly occupied predominantly carbon and nitrogen 2p �
�sigma� related orbitals. From previous resonant photoemis-
sion of V�TCNE�x,

19 the �TCNE�•− �� and V 3d states were
found at −2.5 and −1 eV, respectively. Because a lower
binding energy is expected for the highest occupied vana-
dium states relative to the highest occupied iron states, i.e.,
the VII t2g vs FeII eg, from comparison VO and FeO
photoemission,25,26 and from recent27 resonant photoemis-
sion of Fe�TCNE�x, for x�2, a greater overlap in binding
energy between the FeII 3d �t2g ,eg� and �TCNE�•− �� bands
of 1 may occur. The shift toward higher binding energy of
the FeII 3d highest occupied state should remove electron
density from the Fermi edge causing a more insulating state.
Further, the increased overlap between the FeII 3d and oppo-

site spin �TCNE�•− �� may result in a reduced net spin po-
larization, relative to V�TCNE�x. Indeed, a weak photoemis-
sion intensity and 23% remanent polarization are observed at
EF �Fig. 2�. This observation supports that 1 is an organic-
based magnet capable of spin injection. Three reasons are
suggested for the origin of the measured 23% electron spin
polarization relative to the predicted 100% following from
the VII�TCNE�x•zS model.4,5 First, the spectra were col-
lected from a polycrystalline pellet �with two-dimensional
�2D� Ising anisotropy�, such that the ratio of remanent to
saturation magnetizations �reduced magnetization� is less
than unity �not a square loop�, the photoemission is averaged
over many crystallites, and the wave-vector-dependent reso-
lution is lost. Second, the binding energy overlap and oppo-
site polarization �AFM pairing� of the high spin FeII 3d and
�TCNE�•− �� bands should cause energy-dependent partial
polarization compensation. Lastly, since the spectra were
collected at 80 K �=0.89 Tc� additional reduction in the po-
larization should arise from spin mixing due to phonon
coupling.28 If sufficiently large single crystals with single
domains were available and the sample was cooled further,
the 23% would very likely rectify within high-polarization
�
90%� model. In lieu of such ideal experimental condi-
tions, insight into the above assumptions is provided through
the results of ab initio methods. The calculated results in-
clude the spin polarized band mapping and partial density of
states �PDOS� breakdown of 1 without phonon interactions
�zero kelvin calculation�.

A calculated band structure based on the crystal structure
parameters of 1 �Ref. 6� using the OLCAO method23 is
shown in Figs. 3�a� and 3�b�. Note that a significant disper-
sion difference �
500 vs �200 meV� exists for the minority
�Fig. 3�a�� vs majority �Fig. 3�b�� occupied and unoccupied
bands. This dispersion difference is likely due to the overlap
of the FeII t2g �dxz ,dyz� and �TCNE�•− �� minority states. The
increased dispersion of the minority bands reflects the delo-
calization of the �TCNE�•− �� electrons in the solid’s valence
and conduction bands and the antiferromagnetic exchange
between FeII t2g and �TCNE�•− ��. In contrast, the majority
spin band dispersion is very narrow which reflects that the
majority spin levels reside principally on the FeII. Most im-
portantly, a 40 meV gap �Fig. 3�c�� is calculated and con-
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FIG. 3. �Color online� Calculated spin polarized band structure
for the �a� spin minority and �b� spin majority bands. �c� Zoom in
near the Fermi edge along two high symmetry directions where the
dashed line �- - -� is spin majority and solid �▬� spin minority.
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strained by majority-only bands at the Z point, consistent
with the half-semiconductor prediction for the
VII�TCNE�x•zS family4,5 and related high-polarization or-
ganic radical based systems.29–31 When thermal broadening
is taken into consideration, the results of the calculations
reconcile with experiment regarding a finite DOS at EF,
where the inset in Fig. 2�a� shows the intensity of the posi-
tion of the highest occupied state. However, only 23% polar-
ization is observed experimentally in this near Fermi region
relative to the 100% calculated polarization. Though angle
resolved, the lack of wave-vector conservation �k integrated�
from the polycrystalline pellet does not allow for probe of
individual Brillouin-zone points.

To further explore the spin-resolved photoemission, the
spin-resolved partial PDOSs were calculated �Fig. 4�. The
PDOS �Fig. 4� shows the contributions from MeCN, Cl−,
FeIII, FeII, and �TCNE�•−. The PDOSs were determined by
the Mulliken scheme, and as such the relative intensities with
regard to projected charge and magnetic moment should be
taken only as qualitative. Further, because the interpretation
of magnetic experiments suggests strong spin coupling6 and
on-site Coulomb repulsion4–6,19,20 a more rigorous interpre-

tation must also take into account the spin-dependent corre-
lation effects arising from the electron-electron and other in-
teractions from all constituents.

The calculated PDOSs for the FeII and �TCNE�•− show
strong energy space overlap for their occupied DOS, while
the FeIII and �TCNE�•− reveal only moderate binding energy
overlap for their unoccupied DOS, specifically, for those
states centered at +0.15 and +0.85 eV. From a through-
space exchange pathway perspective, the shortest distance
between Cl from �FeIIICl4�− and C or H from MeCN is 3.45
and 2.97 Å, respectively; both of which exceed the sum of
their van der Waals radii. Therefore, an exchange interaction
via FeIII can only occur via a dipole-dipole interaction that is
expected to be small; Mössbauer measurements down to 2 K
and Brillouin fittings, however, provide no evidence that the
FeIII contributes to long-range magnetic ordering. Interest-
ingly, the PDOSs show that the MeCN also has a strong
binding energy and axial overlap with FeII. However, the
lack of real-space overlap between the adjacent layers from
MeCN to MeCN implies that 1 is a dominant 2D structural
network consistent with its magnetic ground state.6

Although both experiment and calculation suggest that the
highest occupied state of 1 is majority polarized, it is not
clear, at finite temperature, whether the lowest unoccupied
state will also be majority spin polarized. The ab initio re-
sults �0 K� of 1 here suggest that the lowest unoccupied state
is majority spin polarized; however, the closest minority
band is �25 meV away. An experimental determination of
the spin polarization of this lowest unoccupied state is not
straightforward19,21 but is important, especially relative to
those experimentally unrealized semiconductor-based mag-
netoelectronic applications.7,9

IV. SUMMARY

Spin-polarized ultraviolet photoemission of a pressed pel-
let of �FeII�TCNE��NCMe�2��FeIIICl4� revealed 23% polar-
ization at the Fermi edge. Ab initio band-structure calcula-
tions suggest a 40 meV gap, and a 100% polarization at the
valence, and conduction band edges at 0 K, in accord with a
half-semiconductor. Finally, the observed electron spin polar-
ization suggests that organic-based magnets should be ca-
pable electron spin injectors for magnetoelectronic applica-
tions.
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