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ABSTRACT: Controlling the spin of electrons in nanoscale electronic devices

is one of the most promising topics aiming at developing devices with rapid and B Nigip B Ni fip
high density information storage capabilities. The interface magnetism or @ (@
spinterface resulting from the interaction between a magnetic molecule and a spin down 8 .

> . .o . i
metal surface, or vice versa, has become a key ingredient in creating nanoscale electrons i

molecular devices with novel functionalities. Here, we present a single-molecule

wire that displays large (>10000%) conductance switching by controlling the i spin down
spin-dependent transport under ambient conditions (room temperature in a i i electrons
liquid cell). The molecular wire is built by trapping individual spin crossover Fe' Avu surface
complexes between one Au electrode and one ferromagnetic Ni electrode in an

organic liquid medium. Large changes in the single-molecule conductance ti" up .‘m up
(>100-fold) are measured when the electrons flow from the Au electrode to electrons electrons

either an a-up or a #-down spin-polarized Ni electrode. Our calculations show

that the current flowing through such an interface appears to be strongly spin-polarized, thus resulting in the observed switching
of the single-molecule wire conductance. The observation of such a high spin-dependent conductance switching in a single-
molecule wire opens up a new door for the design and control of spin-polarized transport in nanoscale molecular devices at room
temperature.

KEYWORDS: Single-molecule junctions, spin-crossover complexes, magnetoresistance, STM break-junction,
density functional calculations, spinterface, spin orbit coupling

C ontrolling the spin of electrons has become one of the
major challenges in the emerging field of Spintronics."”
Electron spin offers an attractive extra degree of freedom,
beyond the electron charge, which opens up a range of
possibilities in the future design of electronic devices with new
functionalities and larger bandwidths.” To fulfill today’s
technological needs, miniaturization is a requirement that
must be pursued in the field of Spintronics, just as it has been in
conventional electronics. Single-molecule devices promise to
function both as a test-bench for fundamental studies in
Spintronics and as a means to explore new routes for the design
of organic, nanoscale, spin devices.* Spin-polarized scanning
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tunneling microscopy (SP-STM) has brought with it an
extended realm of fundamental knowledge of the spin-
dependent electronic structure of single magnetic molecules
adsorbed on a metallic substrate.”® SP-STM profits from the
injection of spin-polarized currents into the STM junction to
achieve spin mapping at subangstrom spatial resolutions.” Such
experiments have allowed the visualization of a variety of
hybridized spin-polarized states between a molecule and a

Received: September 4, 2015

Revised: ~ November 13, 2015

DOI: 10.1021/acs.nanolett.5b03571
Nano Lett. XXXX, XXX, XXX—=XXX


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.5b03571

Nano Letters

L . . . 6,8—12 .
metal surface, giving rise to interfacial rnagnetlsrn.s’ ’ In this

Letter, we explore this molecule—metal interfacial magnetism
to design a new quantum nanoscale device that exploits the
spin information.

A few examples of single-molecule spintronic devices have
been presented,n’_15 and most that have, have resulted from
the development of single-molecule transport approaches using
nonmagnetic systems. Individual transition metal complexes
displaying high-spin electronic configurations have been
trapped between two nonmagnetic metal beads at low
temperatures and the transport properties characterized at the
single-molecule level. '™ In order to add spin-dependent
functionalities to such single-molecule wires, magnetic Ni beads
have been introduced into a junction formed with diamagnetic
molecules,>' > resulting in observed changes in the single-
molecule magnetoresistance. These results demonstrate the
potential of nanoscale spin-selective transport, the performance
of which might reach device application requirements by
introducing metal complexes with much higher spin—orbit
coupling.”’ Examples of this possibility include the character-
ization of magnetoresistive supramolecular nanoscale devices
based on terbium' complexes resulting in a number of spin
functionalities such as spin valves,* spin transistors,”> or spin
resonators.”* Such phtalocyaninate Tb™ molecules have
become a reference in the metal/molecule interface studies,
either with gold®® or magnetic nickel surfaces.*®

The fundamental studies mentioned above were performed
far from practical operating conditions, such as ultrahigh
vacuum (UHV) and low temperatures. However, room-
temperature, spin-dependent transport has also been demon-
strated through chiral structures such as DNA in a nanoscale
device.”” The mechanism has been well described for self-
assembled monolayers (SAMs) as a combined effect of spin—
orbit interaction in the chiral molecular structure’®* and the
induced Au—S bond magnetization at the molecule—metal
interface.’”~*> The latter effect has been experimentally
observed on both gold surfaces and nanoparticles modified
with thiolated molecules.**>* Although still under discussion, it
originates in an amplification of the surface Rashba spin
splitting at the bare metal surface’ by the highly polarized
metal-S bond.’® Extensive theoretical studies support a spin-
filter effect based on such interfacial Rashba effect.***”

Spin crossover (SCO) complexes, most of them Fe'
complexes, have remarkable magnetic properties based on
ground-state spin switching (for Fe'' systems, between the
diamagnetic S = 0 low-spin tzgseg0 and paramagnetic S = 2 high-
spin t2g4eg2 electron configurations) controlled by means of an
external stimulus, ie., temperature, light, pressure, solvent
interactions, or electric field.***” This switching behavior makes
them a target for Spintronics because the high-spin magnetic
state usually presents higher conductance than the diamagnetic
low-spin state.'”***® The difference in the transport properties
between the two states is due to the change in the electron
configuration; the structural changes (larger metal—ligand bond
distances in the high-spin state) play a minor role.*”*'

In this study, we combine all of the above ingredients to
design a single-molecule electrical wire that exhibits room-
temperature conductance modulation of several orders of
magnitude through spin-dependent transport. The junction is
built by bridging individual Fe"' SCO complexes with high- and
low-spin states between a gold electrode and a magnetically
polarized nickel electrode. This is a fundamental difference
from other experiments mentioned above that use two

magnetic electrodes. The Fe'' complexes were designed with
two axial —SCN (or —SeCN) chemical groups that served as
the metal-molecule anchoring points (Figure 1)."”** Trans-
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Figure 1. Schematic representation of the single-molecule junctions
studied under two opposite Ni magnetic polarizations (labeled a and
p). The paramagnetic [Fe(tzpy),(NCS),] complex shows a high
conductance switching which depend on the Ni tip spin polarizations
(see arrows), while the transport in the diamagnetic [FeL*(NCS),]
complex remains invariable.

port experiments with the high-spin complex show a single-
molecule conductance change of at least 100-fold under
opposite Ni magnetic polarization conditions. This large
magnetoresistance switching is achieved at a near-zero bias
voltage, which implies the use of very small currents and low
power consumption. This change in conductance is observed
when the electrons are injected from the gold to the magnetic
nickel electrode, and the nickel electrode is magnetically
polarized in opposite directions along the junction main axis.
Our theoretical model suggests that the observed conductance
change is the combined result of three consecutive stages. First,
spin selection occurs at the molecule—gold interface as a result
of new hybridized spin-polarized states. Second, the spin-
polarized current generated at such interface by spin—orbit
coupling (SOC) is enhanced by the high-spin S = 2 Fe
complex that favors the transport of minority spin (a-up)
carriers.” And third, the direction of the nickel magnetic
polarization controls the final device conductance because the
transport of minority spin carriers is also more efficient in the
magnetically polarized tip.*” The proposed model is supported
by two control experiments: (i) the gold substrate is replaced
by a copper one, which minimizes the spin surface effects due
to the lack of large spin—orbit contributions, thereby canceling
the first stage, and (ii) the paramagnetic high-spin complex is
substituted by a homologous diamagnetic low-spin S = 0 Fe'
complex, whose molecule/metal interface cannot induce spin
polarization in the carriers, thus eliminating the second stage of
the mechanism.

Results and Discussion. Single-Molecule Transport in
Ambient Conditions. Single-molecule conductance experi-
ments under different Ni magnetic polarizations (Figure 1)
were conducted on high-spin [Fe(tzpy),(NCS),] and [Fe-
(tzpy),(NCSe),]*” single-molecule contacts under ambient
conditions using an STM break-junction approach.” Briefly, a
freshly cut Ni tip was magnetically polarized ex situ by placing it
in close proximity to a 1 T NdFeB magnet for a period of 2 h.
After the magnetization, the Ni tip was placed into the STM tip
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Figure 2. Conductance histograms for the single-molecule transport of Fe! complexes under ambient conditions: (a) paramagnetic
[Fe(tzpy),(NCS),], (b) paramagnetic [Fe(tzpy),(NCSe),], and (c) diamagnetic [FeL*(NCS),] complexes obtained with Au and both a-up
polarized (orange) and ff-down polarized (green) Ni electrodes. (d) Single-molecule conductance histograms for the [Fe(tzpy),(NCSe),] complex
obtained with Cu and both a-up polarized (orange) and f-down polarized (green) Ni electrodes. The two histograms have been vertically offset for
clarity. All conductance values have been extracted from Gaussian fits of the peaks. Insets show representative current versus pulling traces used to
build the conductance histograms for the a-up polarized (orange) and the -down polarized (green) Ni electrodes. The applied bias was set to —10

mV.

holder. To avoid Ni oxidation during the magnetization stage,
the Ni tip was kept under anaerobic conditions (see
experimental details in Supporting Information (SI) sections
2.1 and 2.2). The magnitude and direction of the magnetic
polarization of the Ni tip were characterized before and after
the STM break-junction experiment using SQUID magneto-
metry to ensure that the Ni magnetization persisted over the
entire time frame of the experiments (see SI section 2.3). The
magnetized STM Ni probe was then driven toward the surface
and pulled back again in successive cycles, using a 2-point
feedback loop on the tunneling current flowing between the
two electrodes under a constant bias voltage.'>"

Some representative current traces obtained during the
pulling stage of the above successive cycles are shown in the
insets of Figures 2a,b for the compounds in the high-spin state,
[Fe(tzpy),(NCS),] and [Fe(tzpy),(NCSe),], respectively.
When a molecule bridges between the two electrodes, a
plateau appears in the current trace at the specific molecular
conductance."”*® The —SCN group for molecular anchor
purposes has been previously demonstrated in single-molecule
contacts.”’ The absence of other exposed interacting groups in
these compounds as well as the single plateau features in the
decay curves’”’ suggests the axial —S(Se)CN as the only
anchoring points. In order to study spin-dependent transport
across the single-molecule junctions, the conductance measure-
ments were performed by magnetically polarizing the Ni

electrode in the two opposite directions perpendicular to the
surface (insets of Figure 2ab). The a and /3 labels correspond
to the magnetic polarization of the Ni electrode pointing
upward and downward, respectively, from the SQUID
characterization (SI section 2.3).

Two different charge transport behaviors are observed for the
junction of the high spin Fe'' complex when the Ni electrode is
magnetically polarized along either the a-up or the p-down
directions and the electrons are injected from the Au to the Ni
electrode (see Figure 1, left panel). When the Ni electrode is in
the ff-down polarization, both compounds, [Fe(tzpy),(NCS),]
and [Fe(tzpy),(NCSe),], display current plateaus in the
individual traces around characteristic conductance values
(green curves in Figure 2ab insets). Hundreds of these
individual traces are accumulated into the corresponding
conductance histogram where the peak maxima represent the
most probable conductance values of the single-molecule
contact (green histograms in Figure 2a,b). The [Fe-
(tzpy),(NCSe),] displays a conductance of 7.4 X 107*G,,
roughly twice that of the [Fe(tzpy),(NCS),], 44 X 107*G,,
which indicates higher electrical coupling in the former. This
stronger Au—SeCN affinity also results in a longer average
plateau length of 0.09 nm compared to 0.04 nm obtained for
the SCN derivative (see SI section 4.5). These results also
suggest that the molecules are anchored to the electrodes
through Au—SCN/SeCN and Ni—SCN/SeCN bonds on each

DOI: 10.1021/acs.nanolett.5b03571
Nano Lett. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b03571

Nano Letters

Counts (arb. units)

Conductance (G/G)

10°
Conductance (G/G )

Figure 3. Temperature-dependent conductance histograms for the paramagnetic [Fe(tzpy),(NCSe),] compound in vacuum under f-down (a) and
a-up (b) Ni magnetic polarizations. The histograms have been vertically offset for clarity. The applied bias was set to —10 mV.

side of the junction, respectively. In contrast, no current
plateaus were observed in the individual pulling traces for the
a-up polarized Ni electrodes for either compound (orange
curves in Figure 2a,b insets). The single-molecule conductance
is in this case below the detection limit of our current amplifiers
(<107°Gy, see orange histograms in Figure 2ab). Note that
single-molecule conductance switching is not observed when
nonpolarized Ni electrodes are employed (see SI sections 4.3
and 4.4), where both molecules displays similar conductances.

To corroborate the role of the paramagnetic molecule in the
observed spin-dependent transport experiment, single-molecule
transport was also studied in a homologous diamagnetic low-
spin [FeL*(NCS),] (L* = N,N’-bis(1-pyridin-2-ylethylidene)-
2,2-dimethylpropane-1,3-diamine) compound®® (Figure 1).
Similar conductance values were obtained under both a-up
and f-down Ni magnetic polarizations (see Figure 2c), thus
confirming that the spin-dependent conductance in the single-
molecule contact stems from the paramagnetic nature of the
compound, and that the formation of the single-molecule
bridge is not affected by the magnetic polarization of the Ni
electrode. Direct comparison of the single-molecule transport
results in Figure 2 suggests a strong spin-dependent
conductance switching for the high-spin Fe"' junction, i.e., the
conductance of the paramagnetic single-molecule wire is
suppressed in one of the Ni magnetic polarization directions.
If a Cu substrate is used instead of Au, the observed spin-
dependent transport for the [Fe(tzpy),(NCSe),] compound is
also suppressed (see Figure 2d).

Considering the small applied bias, the lack of magneto-
resistance when the electrons are injected into the molecule
from the spin polarized nickel electrode (see SI section 4.6,
Figure S14) suggests that the spin polarized character of the
current coming from the tip is responsible for the magneto-
resistance suppression. In this scenario, magnetoresistance
would be suppressed if the polarized current could modify the
molecule’s magnetic moment when both are antialigned.
Transport in this case is due to minority carriers in the Ni
tip with a spin opposite to the molecule, which is aligned with
the magnetization of the tip. Spin-transfer torque mechanisms,
well established in layered systems, could apply to our
molecular bridge if, for instance, one assumes the magnetic
interaction between the exchange field at the molecule and at
the magnetization of the transient electron.”* >® Further
studies are needed to clarify such mechanism.

Temperature-Dependent Single-Molecule Transport. To
further demonstrate that the observed single-molecule spin-
dependent transport depends on the paramagnetic properties
of the molecule, we also examined the conductance switching
of the single-molecule Fe" complex [Fe(tzpy),(NCSe),] device
as a function of temperature. This compound transits from a
high-spin state at room temperature (tz;egz), to a low-spin
state below ~250 K, so the current blockage under a-up Ni
electrode magnetization should not be observed at low
temperatures. To test this hypothesis, single-molecule wires
were characterized in a vacuum STM break-junction system
(see experimental details in SI section 4.9). Figure 3ab shows
comparable conductance histograms for the two #-down and a-
up Ni electrode magnetic polarizations respectively as a
function of the sample temperature. At low temperatures
(well below the spin transition at ~250 K), a single-molecule
feature is observed, which is independent of the magnetic
polarization (a-up, f-down) of the Ni tip, comparable to what
we observe in the low-spin [FeL*(NCS),] at room temperature
(Figure 2c). The observed ~S-fold difference in conductance
between both low-spin scenarios ([FeL*(NCS),] at room
temperature and [Fe(tzpy),(NCSe),] at low temperature) can
be ascribed to the different ligand field for the Fe center in both
complexes as well as the different anchoring group, going from
the more —SCN to the less resistive —SeCN. In the a-up case, a
monotonic decrease of the peak height in the single-molecule
conductance histograms is observed as the temperature crosses
the transition point (~250 K) of the spin-crossover compound
from the low to the high electronic spin configuration (see SI
section 3.2). At temperatures close to room temperature, the
conductance histogram displays no maximum under this a-up
Ni electrode polarization in analogy to the one presented in
Figure 2b (orange) for the same compound measured under
ambient conditions. Likewise, a single-molecule feature is
observed at 298 K under f-down Ni polarization (Figure 3a),
which is similar to the measurements under same polarization
in ambient conditions (Figure 2b). The slight <2-fold observed
difference in conductance is likely due to the different
environments (vacuum versus organic medium, see Exper-
imental Section) Note that the conductance values for the low-
spin and the high-spin molecular wires are statistically
indistinguishable, and they are also similar, within the
experimental error, to both f-down and nonpolarized Ni
electrodes. The same results were also found for the
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experiments performed under ambient conditions (see Figures
2b and SI12). These observations suggest that one of the spin-
polarized channels (the « channel) at the molecule/Au
interface fundamentally dominates the conducting state of the
paramagnetic spin-crossover molecular junction in all cases.

The results in Figures 2 and 3 can be also analyzed in terms
of the frequency of the observed single-molecule events in the
experimental curves, named molecular junction yield (%).
Because the spin-polarization effect can be also subjected to
statistical variations even under a fixed Ni magnetic polarization
(not every electron crossing the junction will be spin-
polarized), the single-molecule yield will bring a more
statistically meaningful picture to the observed spin-dependent
single-molecule conductance behavior. The yield in single-
molecule experiments represents the percentage of individual
traces that display current plateaus over the total number of
curves acquired. When this number is low (below 1%), no
peaks in the conductance histogram are observed, meaning that
the measured conductance of any formed molecular junction
between the electrodes is statistically outside the experimentally
accessible current range. Figure 4a summarizes the exper-
imental yield of the single-molecule transport experiments in
ambient conditions for all studied Fe compounds under the two
Ni magnetic polarizations.

All three compounds, the paramagnetic [Fe(tzpy),(NCS),]
and [Fe(tzpy),(NCSe),] as well as the diamagnetic [Fe-
LA(NCS),], present yields above 10% for the junctions formed
between the B-polarized Ni and Au electrodes, with the yield
usually being larger for the [Fe(tzpy),(NCSe),] complex due
to its stronger binding affinity. Yields between 5% and 20% are
currently obtained in well-established single-molecule contacts
with dithiolated backbones (see SI section 4.7).”°® In contrast,
when the Ni polarization is inverted, the yield for the two
paramagnetic compounds drop to values below 1%, whereas
the yield for the diamagnetic complex remains constant. A
comparable behavior of the yield is observed as a function of
the sample temperature (Figure 4b). With the a-Ni polar-
ization, the measured yield changes from the standard values
(>10%) to low values (<1%) when the increasing temperature
crosses the transition temperature for this SCO compound (SI
section 3.2). The observed transition occurs over a fairly wide

temperature range around the bulk transition temperature, in
agreement with recent spectroscopic studies of similar SCO
compounds on a 2D Au nanoparticles film.*”** Such shallow
transition is the reflection of the progressive change of the high-
spin to low-spin population ratio as the temperature crosses the
transition point. All together, the above result demonstrates the
transition of a single-molecule wire from a high-spin (room
temperature) to a low-spin state (low temperature), displaying
large room temperature conductance switching (<10 000%).

Theoretical Calculations. We have considered two possible
scenarios in order to explain the magnetoresistance effect when
the transport is going from the Au surface to the Ni tip. The
first one considers that the magnetic anisotropy of the
molecule—surface ensemble is large enough to keep the
molecular spin aligned in a preferent direction, and,
consequently, it will result in a different transport of @ and
electrons through the molecule. Alternatively, the second
scenario assumes that the spin of the molecule remains aligned
with the magnetization of the nickel tip, and it is the interaction
of the molecular levels with some spin polarized bands of the
gold surface that induce the observed spin filter behavior.

In order to check the magnitude of the magnetic anisotropy
of the system, we performed theoretical CASSCF calculations
using an accurate procedure to include spin—orbit effects
(RASSI method, see SI section S5.2). Single-determinant
methods, such as those based on DFT, fail for systems with
large magnetic anisotropy. CASSCF multireference approach
properly introduces the spin—orbit effect, but it is limited to
nonperiodic small systems. The calculation of the isolated high
spin Fe'' complex and such molecule deposited on small Au,
cluster to model the structure gives in both cases moderate
magnetic anisotropy (barriers around 20 K). This fact suggests
the unlikeliness of the first scenario that would require a very
high magnetic anisotropy to explain the observed magneto-
resistance effect at room temperature.

To understand the origin of the observed spin-polarization
differences in the electron currents traversing the molecular
junctions and address the interplay between the changing
molecule’s magnetic moment (second scenario described
above) and the surface states, we performed density functional
theory (DFT) based calculations including SOC and modeled
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Figure 5. Calculated out of plane spin texture for the clean and covered Au(111) surface: DFT calculated logarithm of the z component of the
magnetization for the DOS(ar)-DOS(f3) difference (central panel) and a schematic DOS representation (bottom panel) for the clean and covered
Au(111) surfaces. The usual splitting of L-band and a k-dependent spin-polarization (Rashba effect) is found in the DFT calculations for the gold
surface systems (a—c), also indicated with a nonuniform filling in the schematic DOS of the surface bands as opposed to the copper surface. (d)
Symmetric spin-polarized levels will vanish for panels a and b when summing over the Brillouin zone. Horizontal lines correspond to the hybridized
molecular levels for the high-spin Fe' complex adsorbed to the electrode surface (c,d). Moreover, relative high spin polarization of the gold surface
(k-dependent spin polarization) occurs when a high-spin Fe'' complex is strongly adsorbed through its single 3 t,, electron (c). This effect is small

when absorbed on the copper surface (d).

the surfaces as true semi-infinite systems (see SI section S.1).
We considered the four different cases employed in the
nanoscale transport experiments (Figure Sa—d): (i) a clean
Au(111) surface; (ii) a diamagnetic [FeL*(NCS),] molecule
deposited on the same gold surface, and (iii) the paramagnetic
[Fe(tzpy),(NCS),] complex deposited on both Au(111) and
(iv) Cu(111) surfaces. k-Resolved magnetization maps along
the surface normal, S_z(Ek), projected on the surface atoms
attached to the anchoring S are presented in the Figure Sa-d
central panel. As expected from a strong SOC, the characteristic
L-band splitting and a rich k-dependent spin texture is obtained
for all gold systems, while absent in the copper surface (see also
Figure S17), confirming that the Rashba effect is accurately
taken into account in our calculations by the inclusion of the
large spin—orbit contributions of the gold surface.”>°" In the
presence of absorbed paramagnetic molecule (Figure Sc-d), up
to five minority spin molecular levels (horizontal blue lines)

hybridize with the metal and become transport-dominant
around the Fermi level.

In Figure Sa—c, we present the density of states (DOS,
majority-a colored in red and minority-# in blue) of the studied
interfaces (see calculations in SI section S). Indeed, for the
nonmagnetic cases (Figure Sab), the DOS of the gold
electrodes has a k-dependent spin polarization due to the
large spin—orbit effects (red versus blue regions in Figure S),
but cancels out when summing over the Brillouin zone (strong
symmetry in the k-dependent spin-polarized DOS in Figures
Sa,b). For the paramagnetic molecule absorbed on a Au surface
(Figure Sc), there is a fairly strong interaction of the single spin
molecular levels with the metal energy levels around the Fermi
energy. It is worth noting the small hybridization of the
molecular orbitals in the [FeL*(NCS),] complex with the
surface due to the nonbonding nature of the t,, orbitals (see
Figure Sb and also Figure S17b). The paramagnetic [Fe-
(tzpy),(NCS),] complex induces a small spin delocalization®
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(same sign as that of the molecule) in the three gold atoms
directly bonded to the anchoring sulfur atom (0.004 e~ with
same sign as that of the molecule, Figure Sc), which is not fully
compensated by an opposite spin density of 0.002 e~ found for
the rest of the gold surface layer (see Table S1). The results for
the Cu/paramagnetic molecule scenario reveal a very low
increase of the spin polarization of the surface (Figure 5d) after
the interaction with the high spin Fe"" complex, in contrast to
the Au/paramagnetic molecule case (Figure Sc).

The above theoretical analysis reveals the key ingredients
that determine the spin-dependent transport measured in the
single-molecule experiments (Figure 2); the effective SOC and
its interplay with the induced spin polarization at the metallic
surface is responsible for the spin-polarization of the electrons
traversing the Au electrode/paramagnetic compound interface.
This spin-polarized current crosses the single-molecule bridge
and translates into different conductances values depending on
the particular a- or f-magnetization of the Ni electrode, and
results in the observed overall conductance switching of the
single-molecule device.

The experimental results are also in agreement with previous
DEFT transport calculations showing a large preference for the
minority carriers in the high-spin d® Fe" complexes, ie.,
[Fe(tzpy),(NCS),] and [Fe(tzpy),(NCSe),] S = 2 com-
plexes.” Assuming five o and one f electrons, the highest
occupied (HOMO) and lowest unoccupied (LUMO) p-
molecular orbital levels lie very close to the electrode Fermi
levels (Figure Sc) and they are responsible for the spin-
polarized transport. In addition, there is an enhancement of the
spin polarization of the gold surface due to the interaction with
the magnetic molecule (Figure Sc). This spin polarization of
the gold levels results in a favorable interaction with one of the
two molecular channels that explains the observed conductance
change as a function of the Ni electrode magnetization
direction. The t,; and e, levels for the diamagnetic
[FeL*(NCS),] complex are identically occupied, therefore,
and f channels are equivalent and, consequently, no spin-
dependent transport is observed. The spin-polarized Au
electrode/paramagnetic molecule interface (also present in
carbon nanotube based devices)*>™** is the critical effect that
allows the spin-polarized current, and it is both experimentally
and theoretically corroborated by the lack of such an effect in
the homologous copper device (Figures 2d and 5d).

It is noted here that the proposed calculation corresponds to
an analysis of the electronic structure of the molecule—surface
interface aimed for the identification of key points that
consistently explain the observed dependence of the current
on (i) the tip magnetization direction, (ii) the material of the
electrode (Au or Cu), and (iii) the spin state of the bridging
molecule. The accurate calculation of the transmission function
would correspond to the bias-dependent current that is beyond
the two-channel model and out of reach for current
computational methodologies.

Experimental Section. Relevant methodological details are
included in this section. For further details, an extended version
is available in the SI file linked to this work.

Surface Preparation. A Au(111) single crystal (Matek,
Germany) was surface-functionalized with either [Fe-
(tzpy),(NCS),] or [Fe(tzpy),(NCSe),] compounds (basic
information on the synthesis and characterization can be found
in the SI sections 3.1 and 3.2)*" by immersion in a uM
ethanolic solution of the target compound for periods longer
than 6 h. XPS measurements of the resulting SAMs confirmed

the presence of the Fe complex on the Au surface as well as the
formation of an Au—S/Au-Se bond (see SI sections 1.2). In
order to avoid formation of molecular aggregates in solution
during the absorption of the target compounds onto the Au
surface, we used concentrations within the low Lambert—Beer
range (see SI section 1.1). The last point is determinant to get
clean single-molecule transport results.

Conductance Measurements. An STM-BJ] method"> was
employed to build and characterize charge transport through
single-molecule wires built with the different Fe"" complexes
studied in this work. The two biased (—10 mV) electrodes in
the molecular junction, a Au(111) single crystal (99.99%
Matek, Germany) and a mechanically cut polycrystalline Ni
wire (99.99%, Godfellow, UK) were used as the support and
the STM top electrodes, respectively. In a regular STM-B]
experiment (see manuscript), the Ni tip was repeatedly driven
onto the Au surface in the presence of molecules (unless
indicated), while simultaneously monitoring the current flowing
between them. Several thousands (~5000) retraction curves
were then stored and used to build the conductance histogram
of the single-molecule device. Because not every curve
displayed plateau features corresponding to the molecular
quantum conductance of the single-molecule bridge, we
designed an automatic algorithm that identifies and selects
curves containing such single-molecule features. The exact same
selection criteria were applied throughout all measured series.
To avoid the Ni wire oxidation under ambient conditions, the
prepared Ni electrode was magnetically polarized and stored
under in anaerobic conditions before use. All experiments were
conducted in an organic solvent mesitylene (unless otherwise
indicated) with very low oxygen and water solubility. The Ni
tip oxidation was monitored during use by ex situ SEM-EDS
electron microscopy (see SI section 2.2).

Computational Calculations. DFT calculations were
performed with the GREEN code® and its interface to the
DFT-based SIESTA package® including the recently imple-
mented fully relativistic pseudopotential (PP) formalism, in
order to account for spin—orbit coupling (SOC) contribu-
tions® (see SI section 5.1 for more details). CASSCF-RASSI
calculations were conducted to determine the magnetic
anisotropy of the Fe'' complex and the molecule deposited
on Au, cluster (see SI section 5.2 for more details).

Conclusion. We present an example of large room
temperature conductance switching based on spin-dependent
transport in a single-molecule device that results upon the
strong interaction of a paramagnetic molecule with heavy-metal
surface atoms. This finding represents a new form of generating
large magnetoresistance effects in a single-molecule device in
the absence of an applied external magnetic field. Our
qualitative theoretical model sets the key ingredients to account
for the observed large spin-dependent conductance switching in
the single-molecule device: (i) Engineering a hybrid electrode/
molecule interface that results in spin-polarized states. This
spinterface is responsible for the polarization of the current
flowing through the single-molecule contact. (ii) Selecting a
paramagnetic molecule with appropriate electronic structure, as
the high-spin Fe'' complexes, to favor transport through one of
the spin channels. (iii) Using a spin-polarized ferromagnetic
electrode on one side of the single-molecule junction that acts
as the spin-polarized electron drain. Imposing different
directions of the top electrode’s magnetic polarization then
controls the observed magnetoresistance.

DOI: 10.1021/acs.nanolett.5b03571
Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b03571/suppl_file/nl5b03571_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b03571

Nano Letters

These experiments demonstrate the crucial role that the
molecule—surface magnetic interactions, the spinterface,66 have
on the design of the next generation of nanoscale spintronic
devices and set the basis for future design of nanoscale
magnetic molecular circuits.
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