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Abstract

Metallorganic molecules have been proposed as excellentibgrs in molecular spintron-
ics because of the large spin-polarization of their eledtrgtructure. However, most of the
studies involving spin transport, have disregarded furetaal aspects such as the magnetic
anisotropy of the molecule and the excitation of spin-flipgasses during electron transport.
Here, we study a molecule containing a Co and an Fe atomsestdetween three cyclopen-
tadienyl rings that presents a large magnetic anisotropgyag®=1. These figures are superior
to other molecules with the same transition metal, and inggdhe spin-filtering capacities
of the molecule. Non-equilibrium Green’s functions cadtidns based on density functional
theory predict excellent spin-filtering properties bothunnel and contact transport regimes.
However, exciting the first magnetic state drastically meduthe current’s spin polarization.
Furthermore, a difference of temperature between elessrtmhds to strong thermoelectric ef-
fects that also suppress spin polarization. Our study shbatsin-principle good molecular

candidates for spintronics need to be confronted with gigland thermoelectric effects.

Introduction

Molecular spintronics is a thriving field driven by advanaeshrinking electronic devices using
moleculeg and by the extraordinary properties of spin transgérNot only are molecules com-
plex enough to attain dedicated functionalities, but tireyidentically replicated and cheap to man-
ufacture using chemical synthesis. Recently, it has bessilple to address individual molecules
while taking advantage of their hierarchical growth to teestructures of increasing complexity.
Molecules can become fundamental pieces of the ever shgmidvice technology.Additionally,
molecules show a great diversity of magnetic propertiesdaa be successfully tailored, such as
spin-crossover moleculésnolecular magnets spin-filtering moleculeg, molecular spin valves
and molecular switche§Molecular spintronics is then a rich field which promisesstific and
technological breakthroughs.

An interesting functionality that has been sought after olenules is the capability of select-



ing one spin to be transmitted in a given spintronic devite order to achieve this, the molecule
presents spin-polarized frontier orbitals, with one of #pens more coupled to the contacting
electrodes. In this way, the coupled molecular orbital hizsger contribution to electronic trans-
port, favoring the transmission of one spin species. Tylyiche molecular spin polarization is
achieved by using complexes where the metallic atom (or st@mesent an open-shell configura-
tion. The ligand field of the rest of the molecule on the metatoms lead to interesting physics:
different spins can be present within the small energy sohthe ligand field® This is particu-
larly true in the case of a sizable spin-orbit coupling (S@@Y a spin larger than 1/2, because
the ligand field creates a magnetic anisotropy due to the $@Ccan fix the orientation of the
molecular spin leading to the appearance of molecular magfélowever, even in the absence
of a fixed magnetic-moment orientation, many different roolar systems have been signaled as
spin filters, because transport is basically dominated feyafithe electron’s spins. Indeed, recent
works!!:2show that in the absence of a magnetic center, radical mekecan be used leading to
spin-polarized electron transport.

Large spin polarizations have been predicted for the faofilpnolecules made from interca-
lated sequences of organic rings and transition metalsmphes of these molecules are benzene-
vanadium ensembl€s, benzene-cobaft,cobaltocené* and ferrocene and 1-D ferrocene-based
wires® Complete studies of different stacking of cyclopentadi€@p) and transition metals
(TM) or benzene and transition metals have also been peefitft’ Stacking two different TM’s
has been less common. Some calculations suggest thatensieiuences of stacked TM-Cp
present exotic electronic structure with different magnetdering depending on the used TM
atom18 Here, we propose a new molecular spin filter by stacking amamd a cobalt atom be-
tween three cyclopentadienyls (Cp-Fe-Cp-Co-Cp).We perédl non-equilibrium Green’s func-
tions (NEGF) simulations to evaluate the transport progemf this molecule, CoFeGpbased
on density functional theory (DFT). As expected, the spilappation obtained in transport ap-
proaches 100%. Moreover, the hybrid magnetic structurdisfrholecule leads to a ferromag-

netic coupling between the magnetic centers, where moseaiiagnetization is localized on the



cobalt atom. Due to the sizable spin-orbit coupling of Ce, @p ring induce a sizable magnetic
anisotropy energy (MAE) which is very interesting for sgiitering applications. However, this
same energy scale sets the energy scale for the first sptatxes that can drastically reduce the
spin-polarization in the electron currett20 We evaluate here the effect of bias in reducing the
spin polarization as spin-flip processes become enerfjgtazaessible.

Our calculations show that transport takes place throughmblecular electronic structure
based on itgr-orbitals. The broken-symmetry electronic structure oF€0p leads to frontier
orbitals of different nature and spin. In contact with miatadlectrodes, only the tails of the reso-
nances caused by the molecule-electrode interactionilbotérto transport. Hence, transmission
changes rapidly with energy near the Fermi energy whichlghead to large thermoelectric ef-
fects21-23Moreover, the thermoelectric properties should be diffeper spin, which can lead to

spin currents even in the absence of charge curéns.

Theoretical methods

In order to perform the calculations of this work, we havemhaused two density-functional the-
ory (DFT) packages. VASE~32has been used to explore the adsorption of the Cofa@pecule
on the Cu(111) surface and also its magnetic anisotropyntegaal effects when a second elec-
trode (another Cu(111) surface) was approached, have atrated with VASP. However, the
bulk of the calculations has been performed using tiEs s package®® These calculations con-
firmed the results obtained from VASP and permitted us togperfelectronic transport calcula-
tions using RANSIESTA.24

We optimized the structure of the CoFepu(111) interface, using density functional theory
(DFT) at the spin-polarized generalized gradient appraxiom (GGA-PBE) level, as implemented
in VASP 27=32|n order to introduce long-range dispersion correctiors employed the so called
DFT-D2 approach proposed by Grimr@We used a plane wave basis set and the projected aug-

mented wave (PAW) method with an energy cut-off of 400 eV. AXlLhick vacuum region was



used to decouple the surfaces of consecutive slabs in thercglpapproach used in VASP. The
surfaces were modeled using a slab geometry with five Cudayeat a 3< 2/3 unit cell. Such an
unusual unit cell have been chosen based on experimentafataerrocene (FeGf) molecules,
which can be seen as one of the building blocks for CoBeCelf-assembled monolayers of
ferrocene shows a % 2+/3 periodicity with two molecules per unit celf. Published calculations
yield that these two molecules do not interact between thefherefore, we decided to carry out
our calculations using a smallesx®./3, which is still large enough to prevent interactions among
adsorbed molecules.

During the geometry optimizations, we allowed for the rak#on of all atoms of the molecule
and of the two-topmost layers of the Cu surface until the atdonces were smaller than 0.02 eV/A.
A 7x7x1 k-point sampling of the first Brillouin zone was performesing the Monkhorst-Pack
method38

Transport calculations were carried out from first-pritegowvith a method based on nonequi-
librium Green’s functions (NEGF) combined with DFT as inmplented in the RANSIESTA pack-
age3* The open-boundary system is divided in three distinct mglireaking the periodicity along
the transport direction. The central part is the scattemaggon and the other two regions are the
semi-infinite left and right electrodes, formed by periadlig repeating six layers of bulk copper.

The most favorable configuration after geometrical optation of the CoFeCfCu(111) inter-
face was used to build the scattering region. As illustratdtg.[1, the scattering region was com-
posed of one CoFeGpnolecule connected to two Cu(111) surfaces, left and redah formed by
8 active layers of a & 2v/3 cell. It is important to stress that two-probe system gedasewere
obtained after geometry optimizations using VASP. Disjpersorrections were described through
the semi-empirical DFT+D2 scheme. Hence, the role of d@perforces on the transport results
is implicitly considered trough the optimization of the gfion’s geometry.

For transport calculations, the valence electrons wavetimms were expanded in a basis set
of local orbitals. A doubleZ plus polarization (DZP) basis set was used to describe tHeamo

lar states and and a singdeplus polarization orbitals (SZP) basis set for the coppectebdes.



Diffuse functions were also included to describe surfaeetebns. The use of a DZP basis set
to describe the molecular states is mandatory in order id g@rrect transmission functions. In-
deed, a SZP basis set led to a shift of the main molecular p#aks0.3 eV with respect to the
DZP molecular peaks. However, using a DZP for the full systie®s not alter the transmission
functions noticeably. Therefore, the chosen basis set séerbhe a good compromise between
computational cost and quality. We employed the GGA/PBEtional?® and norm-conserving
Troullier-Martins pseudopotentiaf®.A 11x 11 in-plane k-point mesh was adequate to obtain suf-
ficiently accurate transport results.

The spin-polarized electron curreht (o =1, ], denoting majority a minority spin channels

respectively) was calculated using the Landauer-Buttkeressiorft

lo=1 [ Tole V) [f(e, 1) — (e, i, Tw)) de. (2)

wherets(&,V) is the transmission function for an electron of enegggnd spino when the bias
voltage between the two electrodes is V. InN2).f (e, 4y, Ty) = (1 +exple — py)/keTy) L is
the Fermi Dirac distribution of electrode (v = L, R, left and right electrodes respectively) with
temperaturel,, and chemical potentigl, (note thatv = (4. — ur)/€). The electron charge is
given bye and Planck’s constant by

In the linear-response regimig, can be approximated &5
lg ~ GgV +GoSy(TL — TRr) (2

whereGgs andS; are the spin-dependent conductance and Seebeck coeffitihtare calculated

at zero bias voltage/(= 0) as

GO': %KOU(ERT), (3)
and
S, = 1 Klg(EF,T) @)

" |e|T Koo (Er, T)’



whereEr = (. = Ur is the Fermi level and

0f(e,Er, T
Kao € T) = — [THEEET) (o) 1ye,0) ae
with a = 0, 1. The total electronic conductance is given®y- G; + G, .
Finally, the spin-filtering capabilities of the moleculangtion is analyzed in terms of the spin

polarization of the current, CP, defined as
CP:(IT_Ii)/(IT-i_Ii)XlOO‘ (5)

When both the temperature difference and bias voltage leetedt and right electrode are zero
(i.,e. V =0 andT_ — Tr = 0) the spin-filtering capacities are evaluated using the pplarization
of the transmission function at the Fermi energy. The cpording quantity is called spin-filter

efficiency*?#3and is defined as

SFE= (71(Erermi;0) — T|(Erermi,0))/ (T+(EFermi, 0) + 7| (Erermi, 0)) x 100 (6)

Results and Discussions

In this section, we analyze and discuss the results obtdoreGoFeCp as a spin filter in the
transport of electrons between two copper electrodes. &bios is divided in several subsec-
tions to give a thorough view of the properties of this molaculevice. The first subsection
analyzes the isolated molecule and compares it to relatéelcmles, explaining why CoFeGjs a
good candidate for a spin-filter device. The second sulmseatalyzes the adsorbed molecule on
Cu(111). The third subsection is devoted to electron trarisp the elastic regime in the absence
of thermoelectric effects, both for tunneling and high-doctance regimes. The modification of
the spin-filtering capacities when spin-flip processes boead is evaluated in the following sub-

section. This section is finished by a detailed account oéffext of thermoelectric effects in the



properties of CoFeGpas a spin filter.

Gas-Phase CoFeCp

As shown in Fig[1l, we considered two types of initial struetufor CoFeCpmolecules: eclipsed
and staggered () and D,y symmetries, respectively). In agreement with previousltesbtained
for ferrocene, FeCp?* the eclipsed conformer is slightly more stable than thegsteed one (the
computed energy difference is 58 meV).

In both conformers, the ligand field splits the degeneratetF€ (TM) d levels into oned,.
(a1) and two doubly-degeneratekl, = d,2_,2 (€2) andd,x = dy; (1) orbitals. Depending on their
symmetry and energy position, these orbitals mix to a dfiedegree with 2p states of the C
atoms. For instance, the highest occupied molecular ¢shit#OMO), for majority (HOMQO)
and minority (HOMQ) spin channels, schematically shown in Hig. 2, havé0% TM-e; and
~ 90% TM-e, character, respectively. On the other hand, lowest unoeduprbitals (LUMO)
for majority (LUMO?1) and minority spin channels (LUM{) (see Fig[R) present 50% and 75
% TM-e; character, respectively. This picture agrees well withlipand-field splitting of the
d-electron manifold irDs-symmetry.

The Cp ligands roughly contain one electron. Hence, the Tovhatapproximately are id®
(Fe) andd’ (Co) configurations, see Talile 1. The lowest-energy cordtion corresponds to the
low-spin one, hence filling the ligand-splitteldevels for Fe and Co leads to a spin 1 molecule.
This is confirmed by our calculations, regardless of the @s@tiange-and-correlation functional.
From this picture, we see that Co will host the spin one, andvillehave spin zero. This is
in agreement with the zero spin of ferrocene. However, ¢cobahe (CoCp is spin 1/2. The
difference stems from the presence of a Cp between Fe and CoReCp. Indeed, CoFeCp
is not a ferrocene plus a cobaltocene. Plotting the spimiloligion for CoFeCp, we confirm the
above results: spin is largely localized on the Co atom, hadre atom is basically not magnetic.

The large spin-orbit coupling of Co, leads to a sizable MA#&Liced by the Cp’s ligand field.

We have evaluated the MAE and we obtain that the Co-Fe axiBasdhaxis. This means that the



magnetic moment of the molecule lies in a plane parallel #0Gp’s. The transversal anisotropy
is negligible. Hence the magnetic moment is not fixed in ai@aer direction in the Cp’s plane.
The MAE is 1.64 meV for both conformers. This is the energydeeketo change the magnetic
moment from the easy plane to the hard axis. Since the magmetinent corresponds ®= 1,
the molecular ground state is doubly degenerate and forméubspin components,| = 1. The
first excited state i§, = 0. Hence, the magnetic moment will be localized in the Cpénplas
long as the bias between electrodes is not large enough tidippin fromS] =1to S, =0 as
will be discussed below. These results have been obtaintgkigas phase and are, in principle,
not valid for the adsorbed molecule. As we will see in the rs&xtion, the molecule is basically
physisorbed on Cu(111) without charge transfer or any actésn from the substrate other than
dispersion forces. Hence, we expect that the gas-phase MaEbod approximation to the MAE
of the spin-filter device.

These data indicate that CoFeCg a small molecule with an important spin that is fixed
to a plane contained by the Cp ligands, with a pinning enek$K) of 1.64 meV. Hence, the
molecule can in principle polarize an electronic currenaitdirection perpendicular to the axis
of the molecule. It is interesting to compare this molecuithwsimilar molecules. CgCp3 or
Fe,Cps will not be good spin filter€2 The presence of an odd humber of Cp leads these molecules
to present a low-spin configuratidd= 1/2, which is not subjected to any magnetic anisotropy
and cannot be molecular magnets. Molecules with an odd nuofb€p’s and only one type
of TM atom such as Fe or Co, will probably not be good spin Slteither because they show
antiferromagnetic coupling with its correspondifig= 0 ground state. Infinite chains of Co&p
also show antiferromagnetic ordering and hen&-=a0 ground state. The case of FeCp chains is
more complex. For short molecules, the ground state is thiesfmn configuratior5= 0, however
as the chain grows larger, a half-metallic ferromagnet ldg@gthat can eventually be an excellent

spin filter 18 Here, we propose something simpler, just a CoRa@plecule.



Table 1: Charge distribution and magnetization for the isokted molecule (evaluated with
SIESTA and Mulliken-charge analysis). Total magnetization is gg (S= 1).

Element| Total Charge (Mulliken) Magnetization (ig) (Mulliken)
Fe 6.687 (d states=6.191 0.513 (d states=0.475)
Co 7.881 (d states=7.314 1.731 (d states= 1.684)
C 62.772 -0.262 (-0.228 Cp in between)
H 14.667 0.018
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Figure 1: (a) Schematic top view B8y andDs, conformers within the X 2v/3 unit cell.
Yellow: Fe atom, violet: Co atom, orange: C atoms, grey: HretoThe black lines represent the
surface unit cell. (b) Lateral view of the scattering regised in transport calculations.

Adsorption of CoFeCp; on Cu(111)

As a first step we carried out full geometry optimizationsd@ingle FeCoCpmolecule with the
Fe-Co axis initially located on the high-symmetry sites of CL1): top, bridge, hollow-hcp, and
hollow-fcc. The most (least) stable final configuration esponds to the molecule adsorbed on
the hollow (top) site at an average distance of 2.65 A (2.78d the surface. However, the
energy difference between top and hollow adsorption sgesly 65 meV. Since the computed
equilibrium points are spatially very close we do not exfiedtave large energy barriers between

the points, leading to an overall small diffusion barrier.
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Charge population calculations using the Bader scH@rpeint to negligible charge transfer
between molecule and surface. In addition, neither the géaral structure nor the electronic
characteristic of the molecule seem to be strongly affelolethe adsorption process. As a result,
the adsorbed molecule maintains its gas-phase electrodimagnetic properties. This is further
corroborated by a deep analysis of the contributions todta adsorption energy.

The main contribution to the adsorption energygd&comes from dispersion forces Jw).
Indeed, the evaluated adsorption energy on the hollowsskgis~ —1.19 eV. The contribution to
this adsorption energy is mainly due to the van der Waals oo, Eqw ~ —1.28 eV that is re-
duced to the final s Vvalue by the repulsion with the electronic cloud of the stefdnterestingly,
if vdW interactions are turned off in the calculations, theletule feels the repulsive forces and
reaches an adsorption distance of 3.22 A with a very smatiratien energy E,qs~ —0.13 eV)
that is probably not meaningful. Nevertheless, these teshbw that the molecule binds solely by

the action of van der Waals forces.

Transport properties of CoFeCpz on Cu(111)

In the present section, we show the results of our electamsport calculations for a CoFegp
molecule between two Cu(111) electrodes with special esiplan spin filtering. The first re-
sults correspond to the electron transmission across thecoiar junction at zero bias. First, the
tunneling regime is analyzed, where the right electrodee#t lat a distance much larger than the
adsorption one. Then, we analyze the contact regime, alseratbias. The third subsection ex-
plores bias effect in the more interesting case of the ceéedacinction. And finally, motivated
by the slopes of the transmission function at the Fermi gnevg compute the behavior of the
molecular junction with respect to a temperature gradiadtthe related thermoelectric effects.
All the results of this section have been evaluated for thipsad (Ds,) molecular conformer.

The very similar data about the staggered conformer canlelfm the Supporting Information.
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Transport in the tunneling regime

Figure[3 (a) shows the transmission spectra at zero biasl&t-&ight-)electrode-molecule dis-
tance ofd; =2.65 A (d, =5.15 A). We approximate the zero-bias conductance by thernission

at the Fermi levelEr. Hence, the conductance®&Er) = 4.53 x 103Gy whereGy = 2e2/h is

the quantum of conductance. The small valu&0Er) shows that this setup corresponds to the
tunneling regime.

Concerning the effect of the electrodes on the geometry laetrenic properties of the molecule,
we conclude that it seems to be very small. Within this geoyngtthe structural parameters of
the molecule are very similar to the ones obtained in gasepiathe total charge transfer to the
molecule is very modest (0.098 e) and iii) the total magmittn of the molecule is Rg where the
partial contributions coming from Fe, Co, C and H (i.e 0.¢84 1.567ug, -0.271ug and 0.022
Us, respectively) are close to the values reported in Table thi®isolated molecule

Figure 3 shows the extraordinary spin-polarization induzgthe molecule. The majority-spin
channel transmissiort((Erermi)) is roughly two orders of magnitude higher than the minerity
spin one €| (Erermi)). As a result, theSFE given by eq.?? approaches 100 % (more precisely,
SFE= 98%).

The transmission of Fi§] 3 (a) implies that transport is riyadetermined by the hybridization
of surface electronic states with the frontier moleculditats. To get a deeper understanding
of the different features observed in the transmissiontfancwe plot the density of states pro-
jected (PDOS) onto the frontier orbitals that we analyzeavabnamely, the doubly-degenerated
HOMO'’s and LUMQ'’s. These PDOS are depicted in Fig. 3 (b). TR peaks perfectly
match the transmission ones, permitting us to identify td@rvioreover, we can explain the
spin-polarization as due to the different spatial extendhef molecular orbitals in each of the
spin channels and the corresponding overlap with the eléetr. Hence, the spin-polarization is
rather an effect of the geometry of the molecular orbitafday rather than due to a spin-polarized
density of states.

Projecting the density of states onto atomic orbitals is aistructive. Figurél3 (c) depicts

12



the PDOS onto the atomic TM-d and Carbon-p states. This peumsito corroborate the above
conclusion. Indeed, we can see that while the HOMM@s a large component on Carbon-p states,
the HOMQ, is basically a TM-d orbital. This same conclusion, but fdfedent orbitals, is deduced
from the LUMO compositiorf:! We can then conclude that the larger contribution to thetedric
current of the majority spinf{) orbitals is due to the contribution of Carbon-p states, lagrce of

the rr-orbitals of the Cp ligands revealed in Hig. 2.

Transport in the contact regime

To mimic the contact regime, we approach the right electitodihne molecule at a distance of
dp =2.57 A(d; =2.72 A) 28 The present electrode configuration has been chosen so saxetrt
any pressure on the molecule. Hence, the electrodes indggtigible distortions of the molecular
geometrical parameters. The charge transfer to the melésstill small (0.177 e) and magnetic
moment of the molecule reaches 1.885(with 0.478ug, 1.630ug, -0.234ug and 0.021ug for
Fe, Co, C and H, respectively, which are similar to the onesriged in Table 1). Overall, this
analysis and the one described for tunneling conditionsate a modest effect of the electrodes
and vdW-forces on the properties of the molecule for the pnabe system.

Figure[4 (a) shows the transmission at zero bias as a funofidhe electron energy. As
expected the transmission is larger than the transmissidhe tunneling regime, leading to a
total conductance at the Fermi level 8fEr) = 0.073Gp. At the Fermi level, the majority spin
channel exhibits a transmission probability one order ofmitaide higher than the minority spin
channel. Thus, the molecule maintains its spin-filter ottaraSFE = 86%).

For both spin channels, eigenchannel anaffsshiows that two scattering states provide the
major contribution to the transmission function in the wehehergy range. In particular, the two
most contributing scattering states provide very simitartabutions at the energies corresponding
to peaks P1, P2, P3 and P4 (see Eig. 4(b,d)). Although, iffisuli to identify eigenchannels by
visualizing thens? the perfect energy alignment between these peaks and te@bserved in the

PDOS (Figl4 (c)) allows again to assign P1 (P2) and P3 (P&Kstedransmission trough HOM©O
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(HOMOJ) and LUMO?T (LUMO ) molecular orbitals. Moreover, assuming Breit-Wigné&elres-
onances for the transmitting MO, we have fitted the corredigntransmissions with Lorentzian
functiongt! which permits us to confirm that the peaks in the transmissiarely corresponds with
the molecular levels in the PDOS (see Supporting InforrmatiMoreover, the Lorentzian fitting,
albeit imperfect, shows that the LUMO transmission don@satt the Fermi energy for both spin
channels. As the electrode approaches the molecule, thelrdions of the LUMOSs grow, with
no reversal of molecular character in the electron transions

As can be seen, the 4 frontier-orbital peaks shift to loweargies with respect to their en-
ergy position in the tunneling regime. This is due to the eckaent of the molecule-electrode
interactions which also induce a more pronounced broadeofitthe involved molecular levels.
Interestingly, the largest hybridization is observed fan#here the broadening increases roughly
a factor of 6. This behavior can be traced back to the largerlap of the HOMQ with the
approaching electrode.

Our transport calculations carried out for the staggeredazmer show that the symmetry of
the molecule does not affect the spin-filter character ohtbéecular junction (see Supplementary

Information for more details.)

Finite-bias results

The above results imply that FeCo£ig a good spin filter in the linear-response regime. In this
section, we go beyond the linear-response regime. We caudplé electron current for both spin
channels (,1) as a function of the applied bias using &G.

Figure®(a) shows the electron transmission that entetssthéauer equation, eg?, evaluated
for three different bias. The upper panel shows the majepin transmission. We find that the
HOMO-LUMO gap increases with bias and the transmission twvéen the two peaks decreases.
For the minority spin (lower panel) the bias effect is neiglig. Overall, the effect of the bias is
small and using the zero-bias transmissions seems justifiedertheless, it is interesting to both

understand why the bias effect is small and why the effecbisinticeable for the minority spin.
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The effect is small because the molecule is basically boyndi¢persion forces, hence the
molecular electronic structure presents small pertushatirom the electrodes. The presence of
an external electrical field acts on the polarization of tlidaoule. Here, the fields are so small that
this effect is negligible. The flowing of a current througle tinolecule is a larger effect, leading to
a change in the steady-state charge of the molecule. HoytbeddOMO stabilizes by trapping a
very small amount of charge and in the same degree the LUMQiesnpontributing to an almost
zero change in charge state. This leads to a small openiing ®i®@MO-LUMO gap.

As we have previously seen, the minority-spin moleculartalbare less coupled to the sub-
strate. Hence, the opening of the HOMO-LUMO gaps is nedhygilmterestingly, the effect of the
bias on the magnetic moment of the molecule is negligibéeif{igoes from 1.89%ig to 1.860up
when the bias increases 0.5V, see Tables 3-4 in the Supgdmformation).

Figure[5(b) shows the current computed using the Landaugtieq, eq.??. In the linear
regime the majority-spin current, is appreciably larger than tue to the higher conductivity for
majority than for minority spin channels (0.083%vs 0.005%0). Such a large difference between
I+ and |, is still observed as the voltage further increases. As dtré®CoCp acts as a spin filter
in the whole bias voltage range with a large current poléineaCP~ 84 %. The inclusion of bias
in our calculations does not change the conclusion thatibigcule is an excellent spin filter with
a CP close to 90%.

These results are in contrast with the ones of Bafhere they find that the CP in a FedCro-

Fe junction goes from 78% at zero bias to 20% at 0.5V. The ldiffierence between our results
and theirs can be traced back to the very different intesaaif the molecules with the electrodes.
While in our case the molecule is physisorbed by van der Waalet, in their case, a strong

covalent interaction rules the charge flow through thei7gE70-Fe junction.

Spin flip effects

The electronic current can yield energy to the molecular dpgrees of freedom, and hence change

the spin state of the molecule. As a consequence spin egosgatan reduce the spin-filtering
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capabilities of the device if the excited states correspdonddifferent spin alignments. Let us
briefly describe spin transport through the FeCg@wlecule.

The MAE of the molecule is 1.64 meV as described above. Thecotdr axis aligning the Fe
and Co atoms is a hard axis. Hence, the molecular groundiatesponds to a spin of 1 in the
easy plane described by the Cp ligands which correspondS;te @ if the molecular axis is taken
as thez-axis. In this conditions, the electron spin is containetheamolecular easy plane. As we
have seen before, the spin-polarization with respect txaoa this plane will be very large, well
above 80% in all the cases analyzed above. Precession gitipdarization axis will be small,
and the spin current will be polarized in an arbitrary axistamed in the molecular plane.

A spin Hamiltonian can be written that reproduces the MAEthis S= 1 molecule. We can

easily see that

Hspin=DS}. (7)

In the present case the value of D i$4 meV. From here we see that the first excitation is indeed
equal to 1.64 meV and it corresponds to flipping the spin f&m 0to |S,| = 1,i.e. from the easy
plane to the hard axis. Hence, electrons with energy abavdirgt-excitation threshold (biases
above 1.64 mV) can flip the molecular spin out of the easy pitey flip their spin. A simple
calculatiort® shows that the incoming electron has a probability of 1/3ipdtl spin in the present
case. As a consequence DR goes from a value close to 100% to 33% when the absolute value
of the applied bias goes above 1.64 mV (in the case where thesic spin-polarization due to
the electronic structure is the 84% of the previous sectl@spin polarization above the spin-flip
threshold becomes 28%).

This description is valid both for the tunneling and the eahtransport regimes, since only

the molecular MAE and spin multiplicities enter it.

Thermoelectric effects

Motivated by the different ratios;/rg at the Fermi level for minority and majority spin channels,

we evaluate whether a spin-polarized thermopower cur@mteduce the spin polarization of the
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total current. This is of importance because the spin fiitegapacities may not be maintained
in the presence of a temperature drdg (= T, — Tr) across the junction. This physical situation
can be reached when the electrodes are contacted in a diffeag, and current dissipation in the
electrodes may lead to different temperatures.

For this purpose, we take a temperature dddp= —10K between electrodes and compute
the spin-polarized electron currehg, with o =7, | using eq.??, for different Bias. The current
polarizationCP (eq.??), obtained in each case as a function of the average eledteotperature
T (T = (TL +Tr)/2) is shown in Fig[6(a). For the sake of comparison, we pletGR values
obtained when both electrodes are at exactly the same tamper

At zero Bias= 0) and extremely low biasBjas= 2 x 10 V), we see that thermal effects
induce a drop of the CP value fronB6% when both electrodes are at the same temperature to 40-
50% in presence of a small temperature gradient. Howeveestbellent spin-filtering capabilities
are restored as soon as the bias voltage is slightly ingréas€P reaches again 86% when the
bias is 0.02 V.

To understand such thermal effects on the current polaizabne simply needs to make use
of the linear-response limit of the spin polarized elecrarrent which tells us thag = 1Y + 11" =
GoV + G SAT; 0 =1, (see eq??). From this expression, we can clearly establish two limgjti
behaviors: one dominated by thermoelectric curtgat low biases, and the other one by the bias,
1Y, when the bias becomes larger than a critical Biasgiven byV, ~ kgAT.

Let us focus on the first case, Hg. 6(b), whifean be approximated B$,S,AT (0 =1, ).
Here,CPis reduced tdG;S; - G, S))/(G;S: + G, S). Hence, the Seebeck coefficie®:] times
the conductance3y) for the two spin channels are the key ingredients of theetuippolarization.
The spin-dependent conductanégsandG, with average values 5250 nX and 409 nA/v,
respectively, barely change in the studied temperaturelawn In addition, the spin-dependent
Seebeck coefficient as a function of the electrode temperalotted in Fig[ 5(c) shows thi; |

is roughly four times lower tha(§|. As a result,

G;S;| is crudely three times larger tha@, S, |
(see Fig[b(d)) which explains the 40-50 % of current spirappation observed in Fif] 6(a).
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With regards to the second case whigre- G5V, the current spin polarization is here simplified
toCP~ (G;—G;)/(G++G,). Therefore, the excellent spin-filtering capaciti€®& 86%) found
in this case can be traced back to a much higher conductangedjrity than minority spin
channels.

Summarizing, thermoelectric effects in this type of molacyunctions lead to a strong sup-
pression of the otherwise excellent spin-filtering projsrof the molecules when the electronic
transport is governed by the thermoelectric current.

A different thermal effect is the one given by a homogeneengprature. As the temperature
rises, the direction of the molecular spin can change. ldate-20 K, the ambient temperature
is large enough to induce spin flips, similar to the spin-fliyes have described in the previous

section.

Summary and Conclusions

Using DFT calculations together with a NEGF implementatbelectronic transport equations,
we have evaluated the gas-phase, adsorption and transpoetrpes of a CoFeGp The motivation
to do sois the spin (S=1) of the gas-phase molecule, and gaetia anisotropy (MAE=1.64 meV).
These two properties are good characteristics for a teatatolecular-based spin filter.

The molecular spin is largely localized on the Co atom, aedR# atom is basically not mag-
netic. This is due to the charge transfer originating in tipeliGands, and is in agreement with
what is found for cobaltocene and ferrocene.

On a Cu(111) surface, we find that the molecule binds via dsspeforces and that the charge
transfer is negligible, hence keeping the above moleculapeyties. The molecules present two
conformers, one where the Cp rings are aligned, eclipseooer, and a second conformer where
the Cp are alternatively rotate in a staggered fashion. Wkthat systematically the eclipsed
conformer is more stable.

The transport properties of the molecules are computedeituthneling and contact regimes.
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On the adsorbed-molecule setup, a second electrode isaaghyaa. We have used an electrode-
molecule distance of 5.15 A to characterize the tunneliggme. The contact regime corresponds
to a molecule-electrode distance of 2.72 A. We find that thhenFenergy is in the middle of the
HOMO-LUMO gap and that the transmission is largely domiddig the tail of the LUMO res-
onance. Due to the large contribution of the Cp ligands tanlagority-spin HOMO and LUMO
we find a large electron transmission for the majority spiarctel. At the same time, the electron
transmission through the minority-spin channel is smallez to the prevalence of the TM-d or-
bitals. As a result, we find a strong spin polarization in theent, with a polarization of 98% in
the tunneling geometry and 86% in contact.

When voltage is applied across the molecular junction, weedismall opening of the HOMO-
LUMO gap in the majority-spin channel, while a negligibléeet for the minority-spin one. The
current spin polarization is very constant, changing from above 86% at 0 V to 83% at 0.5 V.
The behavior with bias is very weak due to the weak couplinh@imolecule to the electrodes and
the negligible charge transfer. However, as the bias ise®@elastic channels open that further
reduce the spin polarization of the current.

For biases larger than 1.64 mV, equivalent to the MAE of théeawde, electrons can flip the
molecular magnetic moment out of the easy plane. As a rasail$pin of electrons also change
and the spin polarization is reduced. For the first excitattweshold this reduces the current
polarization to 33%.

Also thermoelectric effects in the absence of applied easl ito a strong suppression of the
otherwise excellent spin-filtering properties of the males. When bias is applied, the much
larger bias contribution overrides the small thermopowet the spin-filtering properties of the
molecular junction are recovered.

In conclusion, a superficial analysis of our calculationsildshow the triple-decker molecule
CoFeCp as an excellent current spin filter. However, spin-flip peses and thermocurrents have
very negative consequences for this type of device. A nidddigemperature difference between

electrodes can rapidly diminish the spin-filter efficiendyem the electronic transport is governed
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by thermoelectric currents. Moreover, ubiquitous spip-itielastic effects need to be considered

when evaluating the spin-filtering properties of a molecjuaction.
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Figure 2: Doubly-degenerated frontier molecular orbitatghe Dg, conformer. Plotted isovalues
are 10 % of the maximum ones. Red (green) indicates posiegeative) values of the real part of
the wavefunction.
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Figure 3: (a) Electron transmissions from the left to thétiglectrode as a function of electron
energy referred to the Fermi energy. (b)Computed spinfizeld PDOS onto frontier molecular
orbitals. (c) Computed spin-polarized PDOS projected diied and Carbon-p atomic orbitals.
Tunneling regime g=5.15 A. Total magnetizatiea 2 ug. Mulliken charge transfer to the
molecule = 0.09&
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Figure 5: (a) Electron transmission as a function of eleceoergy for 0, 0.3 and 0.5 V applied
between the two metallic electrodes. The majority spin éuganel) shows that the
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at the Fermi energy. For the minority spin (lower panel) thi&s are negligible and there is a
very minor bias dependence. (b) I-V characteristics in né ¥nThe SFE is shown in brackets.
Dot lines indicates the results obtained with the linearaaphl; = G4,V
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T = (TL + Tr)/2) for different Bias whe®AT = —10K. The black dash line indicates tlaé

values obtained when both electrode are at exactly the sammgetrature. (b) Majority (black

lines) and minority (red lines) spin polarized currentsdarapplied bias of 2 10-°V

(AT = —10K). Dash and dash-dot lines indicat¢sandl I" contributions to the spin-polarized
currently shown in solid linesp =7, | (see text). (c) Spin dependent Seebeck coefficgnt

(uV /K) as a function of the temperature (K). (d) The Seebeck adeffi times the linear
conductance (nA/K) for the two spins as a function of the terafure (K).
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