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Recent theory and experiments have showcased how to harness quantum
mechanics to assemble heat/information engines with efficiencies that
surpass the classical Carnot limit. So far, this has required atomic engines
that are driven by cumbersome external electromagnetic sources. Here, using
molecular spintronics, an implementation that is both electronic and autono-
mous is proposed. The spintronic quantum engine heuristically deploys
several known quantum assets by having a chain of spin qubits formed by
the paramagnetic Co center of phthalocyanine (Pc) molecules electronically
interact with electron-spin-selecting Fe/Cg interfaces. Density functional cal-
culations reveal that transport fluctuations across the interface can stabilize
spin coherence on the Co paramagnetic centers, which host spin flip pro-
cesses. Across vertical molecular nanodevices, enduring dc current genera-
tion, output power above room temperature, two quantum thermodynamical
signatures of the engine’s processes, and a record 89% spin polarization of
current across the Fe/Cg, interface are measured. It is crucially this electron
spin selection that forces, through demonic feedback and control, charge
current to flow against the built-in potential barrier. Further research into
spintronic quantum engines, insight into the quantum information processes

1. Introduction

Classical engines convert heat into work
by transferring heat from hot to cold
thermal baths using a working substance
(WS) that is sequentially put into contact
with each bath. This upstream flow of heat
thermodynamically increases the engine’s
entropy. During this process, nature limits
the engine’s maximum efficiency, which
cannot surpass an ideal value determined
by the ratio of the temperatures of the
two baths. This limit, proven by Carnot
in 1824, embodies the second law of
thermodynamics.

Quantum engines can surpass this
limit by retooling its underlying concepts.
Both theoryl™ and experiments!®>>~]
suggest that additional work capacity,
called “ergotropy”, can be harvested from
quantum systems. In theory, the opera-
tion of these engine can be separated

within spintronic technologies, and retooling the spintronic-based informa-
tion technology chain, can help accelerate the transition to clean energy.

into “strokes” that emulate Nature’s prin-
ciple of least action.’l A stroke’s action is
characterized by its duration and the rate
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Figure 1. A molecule-based spintronic quantum engine. a) Density of states schematic: spintronic implementation of the transport fluctuation (TF)
stroke between the device electrode in its FM ground state and the spin states of the working substance (WS)’s nearest PM center, mediated by a
spinterface with full transport spin polarization. Quantum coherence and decoherence processes on the WS are shown. b) This stroke appears in the
overall engine schematic that also shows the spin flip (SF) strokes on a PM center’s spin states, and between the PM centers forming the WS, against
thermal fluctuations for kgT > A. Quantum assets are color-coded in green in (a) and (b). See main text for details. c) Spatial charge-transfer maps
across Fe/Cgo/CoPc reveal sizeable hybridization on Cg, (i.e., the spinterface) and electron tunneling between Cgy and CoPc across an antibonding
state. Green/cyan isocontours depict charge gain/loss of 0.0007 e A= The antiferromagnetic case is shown. d) The antibonding state’s density of
states around E reveals how the Co d,. and C p, orbitals share a spectral feature that appears only in the spin T band. This illustrates the high spin

polarization and bandwidth of the TF stroke (see (a)).

at which it couples the WS to the baths. If the engine’s baths
and WS are endowed with quantum properties, they can con-
stitute quantum assets (QAs)!"*] that promote the storage and
transfer of ergotropy.

So far, the only engines to implement a quantum advantage
have coherently manipulated an atomic WS using 1-10 MHz
strokesl>>7 using microwave or laser external sources, i.e.,
the engine isn’t autonomous. Conversely, despite much faster
2-10 GHz electronic strokes, on-chip electronic engines®* have
so far exhibited sub-Carnot efficiencies due to mesoscopic WSs
that are much more prone to quantum decoherence.

We propose spintronics!'”! as a potent scientific and indus-
trial platform to achieve an electronic autonomous engine with
a quantum advantage, and augment our prior spintronics-only
description™! with concepts drawn from quantum thermo-
dynamics.'7125] The system under study (see Experimental
Section) is a molecular device in which electronic interactions
occur between the spin states of paramagnetic (PM) Co centers
borne by phthalocyanine molecules (CoPc), which form the
engine’s WS, and those of ferromagnetic Fe electrodes (see
Figure 1a). Ultrathin Cg, intercalation layers ensure not only a
spin selectivity!®l of these electronic interactions, but a partial
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magnetic decoupling!”! between Fe and Co spins, such that the
Co spins may fluctuate in an effective magnetic field™ that lifts
the spin degeneracy by A (Figure 1a,b). The resulting coherent
superposition of spin states can constitute a QA (green dashed
lines of Figure 1a) if the spin population is inverted.!

Our engine operates by harvesting the energy of these
thermal fluctuations using electronic transport across the
Fe/Cq interface. Indeed, this so-called “spinterface”!l
involves a low density of electron states with narrow energy
width and high transport spin polarization. These proper-
ties enable the spinterface to electronically interact as a non-
thermal bath®'819] with the WS, i.e., constitute a QA (green
dot in Figure 1la). Furthermore, magnetic superexchange
interactions?”! with energy ] between the PM Co atoms of
the WS promote a S = 1/2 molecular spin chain. This means
that the spin coherence between the WS’s spin states can be
thermally driven through a magnetic phase transition, and
dynamically modified by the electronic interaction with the
non-thermal baths (Figure 1c,d). This constitutes another
QA8 In our design, the different thicknesses of the Cg
intercalation layers promote different transmissions of spin-
conserved transport between the WS and each spinterface.
This helps to break the detailed balance of charge-transport
fluctuations, leading to a preferred one-way direction of cur-
rent. Overall, our engine’s operation involving several QAs
differs from the spin-based classical thermoelectric effects of
spin caloritronics.!l

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Thus, the quantum advantage we claim to observe heuristi-
cally originates from this tailored electronic interaction between
the FM thin film and the discrete spin states of the PM centers.
Our spintronic quantum engine transforms the thermal energy
of spin fluctuations on the WS’s PM centers into a directed
dc current by rectifying the resulting transport fluctuations
between the WS and the device electrodes. After presenting our
experimental results, we will propose a more detailed descrip-
tion of the engine’s operation, several aspects of which mimic
that of a quantum measurement engine.

2. Transport Experiments

Our nanoscale vertical junctions (see Experimental Sec-
tion) exhibit a large persistent non-zero spontaneous current
I, = =10 pA (see Figure 2a for nanojunction A, and Figure S3
(Supporting Information) for other junctions) that is two orders
of magnitude larger than the experimental offset (see Note S2
(Supporting Information) on control experiments). Its ampli-
tude is not strongly affected by intermittent sweeps of an
external magnetic field up to 2 T applied perpendicularly to the
electrode magnetizations. This confirms that, in our implemen-
tation, the engine’s primary energy source is not the external

www.advmat.de

applied magnetic field.??l We present in Figure 2b repeated I(V)
sweeps at 240 K, from which we infer a slope resistance around
V=0 of Re= 157 Q. From Ig(t) (see top inset), we find at V=0
that the offset current Iog = —26 PA = Ig,. This suggests that,
once a bias voltage V has been applied, and on the timescale
of hours, applying V = 0 does not confer energy to the device.
Iog and the bias offset Vog=4.05 mV at I = 0 (see top inset), are
respectively 230x and 100x larger than the experimental offset
errors observed for a 100 Q calibrated resistance (magenta
crosspoint in Figure 2b and Note S2, Supporting Information).

The lower inset of Figure 2b reveals a slight, hysteretic devia-
tion from a linear response that depends on the sweep direction
(red and blacks arrows). Within this 1.4 mV bias window, the
numerical derivative (see Figure 2c) reveals features with an
energy width as low as 0.3 meV despite an expected thermal
smearing of 2-3 kg T upon transport, with kg T = 20.7 meV here.
This sub-kgT spectral resolution is mostly unchanged upon
reducing thermal fluctuations by a factor of 6, as are the main
spectral features (denoted A, B and C in Figure 2d). This 1.4 meV
window likely defines!!!! the energy range that contains those
spin states of the working substance that are involved in the
engine’s operation. The persistence of these features with sub-
kgT spectral width above the dissipation threshold induced by
thermal fluctuations is most likely a result of feedback-induced
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Figure 2. Long-lived spontaneous electrical signals. Data on metallic nanojunction A: a) time dependence of I, at H=0 (gray) and upon applying an H
field (red, green, blue) orthogonal to the electrode magnetizations. b) /(V) data at 240 K. The magenta crosspoint represents the experimental (V,/) error.
The top insets show the time dependence of I, and Vg, while the zoom around V=0 (lower inset) reveals an /(V) hysteresis that contains features
with a sub-kg T spectral resolution in (c) the current derivative d//dV. Forward (black) and return (red) traces are shown. d) Return d//dV traces for 40 K,
60 K, 85 K and 240 K reveal essentially identical features with a sub-kgi spectral resolution, i.e., the thermodynamical signature of a quantum asset.
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noise reduction?’l and should therefore constitute the quantum
thermodynamical signature of a non-thermal bath interaction
within the engine operation.

Due to discrete states within the barrier,?! spintronic
regimes involving multiple metallic and semiconducting
transport nanochannels may coexist? in a device. The slight
decrease in junction conductance with increasing temperature
(see Figure 2d) confirms the metallic nature of nanojunction
A. This, and several other metallic nanojunctions, exhibit a
maximal output power Py, such that 17 < Py, (nW) < 55 for
150 < R, (€2) < 800 at 40 K. We now turn to semiconducting
nanojunction B, for which we observe (see Figure 3a) a mostly
linear I(V) at 360 K (R= 1.05 kQ) that becomes increasingly
non-linear as T is lowered to 40 K (R= 25.9 kQ). The apparent
common crosspoint of I(V,T) data (inset of Figure 3a) is
orders of magnitude beyond measurement artefacts (see
magenta crosspoint and Note S2, Supporting Information)
and might reflect a bias-induced symmetrization of the spin
potential landscape against thermal broadening effects.'! We
observe Py, = 450 nW at 40 K (Figure 3a inset). This repre-
sents a 450x increase over the previous record measured at
3 Kand H =1T/ and at 295 K a 270x improvement." At
360 K, we still observe Py, = 24 nW, which is promising for
applications. Our results thus not only dwarf those from pos-
sibly similar experiments,'?226] but also those from meso-
scopic quantum heat engines.®l

www.advmat.de

As seen in the In vs 1/T plots in Figure 3b, the R data follows
Rs =Rpe ™" with a single thermal activation energy E, over
40 < T (K) < 360. In contrast, Vog and Py, both exhibit two
thermal activation regimes. We observe a =3X increase in E,
from the low T to the high T regime. This could reflect hopping
transport?’l for T > 120K between spins onto and along the three
member-long chain. As a corollary, coherent spin-polarized trans-
port across the spin chain would occur for T < 120K. This sug-
gests that the structural arrangement?”) of the CoPc spin chain
in the junction’s effective nanotransport path(?®l yields a magnetic
exchange energy J such that k3 T; = | with T, = 120 K. Considering
that 10 < T (K) < 400 theoretically,?! this is compatible with prior
reports for Pb//CoPc (T, = 105 K)?*) and CoPc on Fe (T, = 72 K)[]
around the stable bulk ¢~CoPc phase (T, = 86 K).[20)

To independently determine T, for CoPc on Cg in our nano-
junction stack, we performed electron paramagmetic resonance
(EPR) measurements on a Cg/CoPc multilayer stack (see
Experimental Section and Note S3, Supporting Information, for
additional details). Referring to Figure 3c, we observe a radical
peak centered around the Landé g-factor g = 2. We also observe
8 oscillations on either side of the radical peak. Using reference
samples and simulations (see Note S3, Supporting Informa-
tion), we attribute the radical peak to Kapton and to Cg, and
each set of 8 oscillatory features to the hyperfine structure of a
paramagnetic center around a Co nucleus with nuclear spin 7/2.
Upon subtracting the simulated Kapton and Cg, contributions
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Figure 3. Thermally activated electrical power across a magnetic phase transition. a) /(V) data from nanojunction B at H =0 T within 40 < T (K) < 360.
Top inset: zoom at low bias. Bottom inset: P(V) data showing Py, =450 nW at 40 K. The magenta crosspoint is the experimental error (see Experimental
Section). b) In vs 1/T plots of (top) R, (middle) Vog and (bottom) Py,,. Py decreases from 370 nW at 40 K to 24 nW at 360 K per two thermal activa-
tion regimes, with a 120 K crossover temperature. The activation energy E, is given for each regime. c) EPR spectrum at T =100 K. The color-coded
feature identification is described in Note S3, Supporting Information. Insets: zoom on the Co contribution from CoPc. d) Temperature dependence
of the Co contribution in CoPc to the EPR Intensity. A signal increase is observed for T < 120K.
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from the main EPR dataset, we obtain the temperature
dependence of the Co contribution in CoPc (see Figure 3d).
The Co EPR signal exhibits a clear increase for T < 120 K, as
expected when, below the magnetic phase transition at T
AF-correlated spin fluctuations along an spin chain of odd
length dominate thermal disorder. As a quantum thermody-
namical signature, we thus confirm that the magnetic phase
transition of the WS plays a role in the spintronic engine’s per-
formance, as expected of this QA.[8l

To confirm these devices’ spintronic underpinnings, the I(H)
data at 40 K from nanojunction C in Figure 4a reveal a strong
in-plane H dependence of junction current, which saturates
for |H| > 0.5 T (see Note S4, Supporting Information) upon
achieving the parallel orientation of FM electrode magnetiza-
tion. The current can be suppressed at H=0and H=-0.5T for
Vog=2.76 mV and Vog = 2.13 mV, respectively. Thus, the junc-
tion’s two magnetic states promote differing Vog . They also
drive a sign change in current at V = 2.67 mV, with [ = £1 pA.
These (V,]) pairs lie well beyond possible experimental oft-
sets (see Note S2, Supporting Information). The I(V) data
of Figure 4b confirms these (V,I) pairs. From Rg(0 T) = 63 Q

and Rg(-0.5 T) = 550 Q, we observe a magnetoresistance
R :M—l = —-89% (bounded by —100% for full spin
Rs(-0.5T

polarization of the current). Using I(H) data from panel (a), we
plot Rg(H) in Figure 4c, and again obtain MR = —89%. Con-
sistency between these three data panels is visualized by blue
crosses in panels (b) and (c). The MR = —89% translates into an
RA0ST) 4 700,
Rs(0 T)
This implies! an average transport spin polarization P = 89.1%
of the two Fe/Cy, spintronic selectors.®! The magnetocurrent
I(-05T
C= ﬁ—l reaches —100% and 1470% at each spin-
tronic Vog . This showcases this device class as a spintronically
controlled switch of current direction and flow.

“optimistic” magnetoresistance MR =

3. Model

In the context of these experimental datasets, we now propose
a basic description of how quantum assets heuristically drive

www.advmat.de

the spintronic engine’s operation, and utilize density functional
theory to support our claim of spinterface-driven spin coher-
ence on the WS’s Co sites, in view of the long-lasting dc cur-
rents that were observed. Referring to Figure 1a, the (+M,0,0)
magnetic orientation of the Fe layer sets a spin referential for
other electronic interactions, starting with the spin-polarized
charge transfer toward adjacent Cg, molecules. This generates
the spinterface electronic state described previously, which
can be seen as a magnetic quantum dot.'l Prior to any elec-
tronic interaction, the Co atom on the phthalocyanine molecule
bears an energetically degenerate S =1/2 spin on the d , orbital
((%,y,2) = (0,0,£1) on the Bloch sphere, see Figure 1a).

The electronic interactions between the FM electrode and
PM centers across the spinterface lift this degeneracy by A and
describe the engine’s spin-conserved transport fluctuation (TF)
stroke. The forward TF stroke from the FM electrode to the
nearest PM center on the chain is mediated by the spinterface’s
full spin polarization along the (1,0,0) direction. This imposes
the injection into the WS of coherent spins along (1,0,0), against
the WS’s decoherence processes (in purple in Figure 1a,b).

The reverse TF flow of current also requires that the spin
on the WS be (1,0,0). This not only constrains the possible
channels of spin decoherence for the WS’s spins (Figure 1a),
but also describes an autonomous measurement of the WS
state, i.e., the QA of a quantum measurement engine.! The
spinterface acts as an autonomous Maxwell demon*” that
gains information on the WS and uses it as feedback to con-
trol the electron transfer rate across the barrier. Overall, these
TFs generate resistive losses due to spin scattering between
the spinterface and the FM film with very different spin polari-
zations. This rise in spin-based entropy of the FM essentially
embodies the Landauer principle:?! the quantum information
gained by the measurement of the WS’s spin statel! is erased
as the FM thin film scatters the excess spin. We believe that,
importantly, the Fe FM thin film synergistically sinks this spin
entropy by returning to the stable FM ground state with lower
spin disorder.3?

These features of the TF stroke require: 1) the presence of
magnetic coupling across Cg, between Fe and the nearest Co
site of the WS; and 2) a stroke frequency that is much greater
than that of the WS’s decoherence processes. To qualitatively
characterize these aspects of our experiment’s TF stroke, we
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Figure 4. Spintronic features of the thermal energy harvester. a) /(H) data acquired on nanojunction C at 40 K. b) /(V) dataat H=0Tand H=-0.5T,
revealing a linear behavior with Re= 63 Q and Rs= 550 Q around Vog=2.13 mV and Vog= 2.76 mV, respectively. The blue crosses reflect the I(H) data
from (a). c) Rs(H) calculated from two (V,,H) datasets from (a). The blue crosses indicate R inferred from (b). The two spintronic Vg lead to extremal
values MC (%) in I(H) data, as do the two spintronic Rs regarding —100 < MR (%) < eo.
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computed the electronic interactions (see Theoretical Sec-
tion) across the bcc Fe(110)/Cgo(1 ML)/CoPc(l ML) system
(ML = monolayer). We observe a charge transfer of 1.231e” from
Fe that is delocalized onto Cg, (Figure 1c). A much weaker
0.03¢™ transfer from Cg, to CoPc occurs across an antibonding
state. This tunneling-mediated electronic interaction results in
spectral features across Ep that are shared both by the Co d .
orbitals of CoPc and the p, orbitals of the neighboring C sites of
Cgo only for spin T electrons (Figure 1d).?* These interactions
result in a lifting of the Co spin degeneracy by A = 0.7 meV
according to our DFT calculations (see Figures 1b,c and Experi-
mental Section). This effective magnetic field H = 6 T, gener-
ated by spintronic anisotropy,! is much stronger than that for
a noble-metal spacer® because it originates from Cgy-mediated
Fe—Co antiferromagnetic superexchange.*”!

The TF strokes quantum correlate the spinterfaces with the
endmembers of the WS’s spin qubits borne by 1D molecular
chains, thereby imposing boundary conditions on the WS. Each
member of the spin chain is coupled to its two neighbors by
magnetic exchange with characteristic energy J.2° The WS
has an antiferromagnetic ground state that is promoted by
this coupling, and is reinforced when the two FM electrodes
are antiparallel-oriented. Flipping one spin on the chain pro-
motes an excited state that contains ergotropy. Since the WS is
a quantum system with a reduced number of discrete energy
levels, it can therefore exist in a quantum coherent superposi-
tion of states,*™ and its temperature is not well defined when
isolated. The WS is coupled to the Fe electrode via the spinter-
face acting as a non-thermal bath with temperature T. The
45.3 meV width of the electronic interaction (Figure 1d) sug-
gests that at least these endmembers remain quantum coherent
with the spinterfaces up to kgT = 45.3 meV. This would explain
the persistence of power output for kgT > J, in line with the
presence of quantum correlations above the critical point of a
2nd order phase transition. Indeed, the loss of correlations in
the spin fluctuations along the molecular chain for kgT > ] is
valid for a macroscopic, statistical ensemble (e.g., in our EPR
experiment). However, these correlations may persist within
a single chain along the device’s nanotransport path.”28 It is
also possible that quantum steering”! plays a role here. Fur-
thermore, when kT < J and T is further lowered, an additional
source of coherence is provided by the increased predomi-
nance, against thermal energy, of the antiferromagnetic interac-
tion between the WS’s spin qubits.

During the engine’s so-called spin-flip (SF) stroke, the
thermal fluctuations on and between the PM centers supply
magnetic energy to the WS (i.e., charging), which will be
extracted during the TF stroke via an ergotropic return from a
non-passive (i.e., excited) state to the ground state.?% Indeed,
although stochastic in origin, these fluctuations can provide
QAs by inducing coherencell and by energetically pumping
the superposition of quantum states.®l SF operations between
qubitst*°! are also responsible for flipping the spin on the chain
endmember prior to the TF stroke (e.g., from (1,0,0) to (-1,0,0)
in Figure 1a). The TF stroke thus drives electronic-transport
processes across the device, and electronically connects the
WS with the spinterface non-thermal baths. This spintronic
passivation effect enables the extraction of thermal energy and
causes a directed current to flow. This asymmetric regime of
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operation is enabled by the structural/electronic asymmetries
of our device, in this case thanks to different Cg, thicknesses
(thick and thin transmission arrows in Figure 1b). This gener-
ates different TF stroke frequencies and different spin-splitting
values A on each PM center. This asymmetrizes the SF stroke
frequency along the WS’s qubits.

To provide a basic justification for this engine’s opera-
tion, we establish order-of-magnitude comparisons between
the frequency of the TF and SF strokes, against the frequen-
cies of the WS’s spin-charge and spin-lattice decoherence pro-
cesses, 3% which occur along (0,£1,£1) (in purple in Figure 1a,b).
For CoPc, the respective frequencies at 7 K are f; = 1 kHz and
fr =1 MHz,*® noting that f, can increase ~100x at 300 K.[*’]
For kgT 2 A, and given A = 0.7 meV, the SF stroke cutoff
fsk= 169.5 GHz. Finally, according to the Heisenberg uncer-
tainty principle, the 45.3 meV minimum energy width of the
TF stroke’s spectral features (Figure 1d) corresponds to an
attempt frequency frr = 1.38 x 10" Hz. This suggests®® that f;,
fr << frr, fsr throughout our experiments at 40 < T (K) < 360.
This would provide the necessary speed of the engine’s cycle
to overcome all decoherence processes, even at room tempera-
ture as seen experimentally.3%! As a QA the TF stroke imple-
ments the quantum Zeno effect during the engine operation,
ie., it repeatedly sets and measures the WS’s quantum ther-
modynamical state. This ultrafast dynamic stabilizes the spin
chain against decoherence.

As calls for a quantum energy initiative grow,*! our results
introduce spintronicsl!® onto the quantum technologies
roadmap as a very promising platform to implement energy
applications of autonomous quantum engines, and raise inter-
esting questions for further research. A current can drive the
electronic properties of paramagnetic centers: temperature,
exchange coupling and even entropy production close to a
phase transition without a temperature gradient."*42I Does
this engine require electrical priming to operate, i.e., is it a
quantum Dbattery?® Can precise thermometry confirm the
entropy sinking®?! by the FM state of the electrodes? Can cer-
tain aspects such as TF stroke asymmetry,™ exchange cou-
pling!?®l or number/parity of qubits be optimized, e.g., using
molecular engineering? Does zero-point energy play a role?
Answering these questions, for example using in operando
electron spin resonance, would shed insight into the autono-
mous engine’s multiple interlocking quantum resources, and
help to determine its efficiency. Looking ahead, the most prom-
ising vector to industrialize this quantum technology could be
MgO spintronics,™! which so far has mostly targeted informa-
tion storage and processing needs.'! To transform it into a
dual-use information/energy technology workhorse will require
mastering the insertion of paramagnetic centers,™ most likely
through the control of oxygen vacancies.?¥ Harvesting/storing
this most basic form of energy—ambient thermal energy, could
help to alter our nomadic energy needs and accelerate the tran-
sition to clean energy.

4. Experimental Section

Device Preparation: Si/SiO,//Cr(5)/Fe(50)/Ceo(n ML)/CoPc(3ML)/
Cgo(5ML)/Fe(10)/Cr(50) heterostructure stacks were grown in situ and
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at room temperature in an ultrahigh vacuum multichamber cluster by
dc sputtering (metals) and thermal evaporation (CoPc). All numbers
are in nm; 1 ML Cgg=0.9 nm. 1 ML CoPc = 0.4 nm. The SiO, substrate
was annealed at 110 °C and allowed to cool down prior to deposition.
Metals were sputtered in an Ar pressure P = 1.5 x 10 mbar (Cr) and
P =6 x 10™ mbar (Fe). Molecules were thermally evaporated under
P =3 x 107° mbar. The Cg thickness n for nanojunctions A, B, and C
was 3, 1, and 1 ML, respectively. The Fe layers are in-plane magnetized.
Nanojunctions were crafted"l using 300 nm-diameter SiO, nanobeads
thanks to a recently developed resist- and solvent-free nanojunction
process, and were wirebonded to a sample chip. The positive contact
was connected to the junction’s top electrode. All data were acquired
with the sample at a constant, nominally uniform temperature T.

EPR Sample Preparation: A Kapton (25 um)//Ce (6 ML)/[CoPc
(3 ML)/Csp (6 ML)]300/Ceo (18 ML)/MgO (30 nm) sample was grown
under UHV conditions. The Kapton substrate was annealed at 110 °C
and allowed to cool down prior to deposition. MgO was rf-sputtered
from a MgO target at a Ar pressure of 1.5 x 107> mbar. Molecules were
thermally evaporated under P = 3 x 10~° mbar. Under ex situ conditions,
the sample was cut into strips and inserted into a quartz tube. After
flushing with He, the tube was sealed at a He pressure of 500 mbar and
inserted into the EPR cryostat. See Note S3, Supporting Information, for
more experimental details.

5. Theoretical Section

The structural and magnetic properties of the bcc Fe(110)/Cgo/
CoPc system were calculated using density functional theory (DFT)
by means of the Vienna Ab Initio Simulation Package (VASP) and
its built-in projector augmented wave (PAW) pseudopotentials.
The exchange and correlation potentials are within the generalized
gradient approximation (GGA) as parametrized by Perdew, Burke,
and Ernzerhof. The van der Waals (VdW) weak interactions were
computed within the GGA-D3 approach developed by Grimme and
later implemented in the VASP package. A kinetic energy cutoff
of 450 eV was used for the plane-wave basis set. To include the
correlation effects of transition-metal 3d electrons, we adopted
the Dudarev et al.®3l DFT-GGA+U method, using a Hubbard U
of 5 eV and an exchange parameter J of 1 eV, which amount to an
Ueg = U — ] =4 eV. This value of U.s was found by Brumboiu et al.l*4
to produce the best description of the HOMO-LUMO gap of CoPc,
its Co magnetic moment, its vibrational frequencies, as well as its
valence-band photoelectron spectra as compared to experiment and
hybrid functional calculations. The supercell geometry comprises the
following three Bravais vectors: (22.96 A, 0, 0), (14.35 A, 20.29 A, 0),
and (0, 0, 37 A), using 80 iron atoms per layer in the bcc structure
along (110). The vacuum region separating the periodic images
is 25 A.

To confirm the presence of magnetic coupling between Fe and Co,
and to estimate the electronic bandwidth, we adopted a standard
molecular geometry (see Figure 1c) as studied elsewhere, [l assuming
that only Cgp is experimentally present at the Fe interface. Using this
educated guess, atomic positions were relaxed by annulling the force
on the atoms to within 10* meV A~'. First, using several structural
models, we relaxed the subsystem composed of 3 layers of Fe(110)
and Cg to find the equilibrium distance. Then, using several structural
models, we optimized the CoPc-Cg4, distance to find the ground
state. We then used these configurations to study the magnetic state
of the entire Fe(110)/C60/CoPc system. To this end, we considered
both ferromagnetic and antiferromagnetic couplings between the
Co of CoPc and Fe(110). After atomic relaxations, we found that the
antiferromagnetic configuration is more stable by =~0.7 meV. This
ground state becomes more robust (—7.8 meV) when 5ML of Fe are
used but the changes in the density of states and the electron transfer
are negligible. The Cgo—Fe(110) distance is about 2.26 A, and that
between Cgo and CoPc is 2.6 A. In both magnetic states, the magnetic
moment of the iron atoms below the Cgy molecule is 2.29 ug, and is
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2.72 ug far from Cgo. The magnetic moment of Co in CoPc is +1.34 up
(FM coupling) and —1.34 ug (AFM coupling). The magnetic moment
on the CoPc ligands is —0.082 up (FM coupling) and +0.089 up (AFM
coupling).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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