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     Introduction: Molecular electronics 
 Component miniaturization in the semiconductor industry has 

been remarkable and has even outperformed the ambitious 

predictions put forth by Moore’s law, which states that the 

number of transistors per integrated circuit doubles every 

two years. Molecular electronics stems from the idea of per-

forming the basic functions of electronics—rectifi cation, 

amplifi cation, and storage—with few or even single molecules 

embedded between electrodes.  1   Indeed, rapid progress in both 

the understanding and experimental realization of molecular 

devices has been achieved.  2   In optoelectronics, organic light-

emitting diodes as well as organic photovoltaics have found 

their way into the marketplace and are competing with conven-

tional semiconductor technology today. Nonetheless, inorganic 

semiconductor electronics is the current benchmark: transistors 

available in the market are as small as 22 nm, and a reduction 

down to 5 nm is technologically within reach already. These 

are dimensions that are comparable to many single molecules 

that were envisioned to replace their inorganic counterparts, 

provoking the question of whether the original promise of 

organic molecular electronics can still be fulfi lled. 

 Molecule-based devices show potential in a new fi eld within 

electronics that not only uses the charge of the electron but 

also uses its spin (e.g., to store data or perform computations). 

The area of research that addresses the question of how spins 

can be injected, manipulated, and detected in the solid state 

is collectively referred to as spintronics (see the Introductory 

article in this issue). Recent pioneering experiments and theo-

retical studies suggest that organic materials can offer similar 

or even superior performance in spin-based devices compared 

to their inorganic metallic or semiconducting counterparts.  3 

Experiments on spin transport through break junctions  4   and 

spin valves  5 , 6   (see the article by Nguyen et al. in this issue) 

have unveiled exciting new frontiers of molecular magnetism. 

In particular, single molecule magnets are, if deposited on 

appropriate electrodes, a viable route toward quantum com-

puting.  7 – 9   However, in order to understand the processes deter-

mining the spin-dependent characteristics of organic systems 

in contact with a ferromagnetic (FM) electrode, microscopic 

insights into interface properties, including information on 

the local spin-resolved transport through single molecules, 

is required. Spin-polarized scanning tunneling microscopy 

(SP-STM) is a tool that can address these fundamental issues.  10 

 Local spin-resolved experiments on single 
molecules on surfaces 
 Experiments on organic semiconductors (OSCs) have revealed 

substantial spin relaxation times and signifi cant spin diffusion 
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lengths of spin-polarized carriers.  11 – 15   These observations are 

attributed to the weak spin-orbit coupling typical for organic 

materials composed of light elements such as C and H. Intensive 

research efforts started when spin-polarized transport—

characterized by giant magnetoresistance (MR)—was demon-

strated in organic spin valves (OSVs) in the fi rst years of the 

new millennium.  11 , 12   Many additional experiments using various 

OSVs have since been performed in an attempt to prove spin-

injection as well as transport through OSCs (  Figure 1  a).     

 The vast majority of these studies were performed using 

spatially averaging techniques in device set-ups where the 

microscopic composition of the OSV remained (at least partially) 

unknown. Many material-related problems—schematically 

depicted in  Figure 1c  for a “real” OSV—were encountered: 

interdiffusion of magnetic atoms from one of the electrodes 

into the OSC, the existence of defects and impurities, as well as 

interface roughness between the FM electrodes and the OSC. 

More general, a strong deviation of the properties known 

for bulk-like OSC can be expected at the interfaces with FM 

electrodes.  15   

 SP-STM offers a microscopic solution to many of these 

problems. The principle of the set-up is similar to that for a 

planar OSV, but all experiments are typically performed under 

ultrahigh vacuum conditions. This allows the preparation of an 

atomically fl at FM-sample electrode (e.g . , a two atomic layer 

thick FM Fe-fi lm grown on a W(110) surface that is probed 

with an  in situ  Fe-coated W-tip, see  Figure 1b ). Both tip and 

sample systems were extensively characterized by means of 

SP-STM.  10   Note that FM electrodes of planar OSVs typically 

exhibit an in-plane magnetization direction, while the SP-STM-

derived OSV discussed here exhibits out-of-plane magnetiza-

tion directions of tip and sample electrodes. Isolated molecules 

can be deposited on top of the FM-sample electrode  in situ  

by thermal evaporation of thoroughly outgassed organic 

material (e.g., phthalocyanine (Pc) molecules). The as-prepared 

Fe-fi lm exhibits a magnetic domain structure with alternating 

parallel (�) and antiparallel (⊗) magnetized domains, respec-

tively (i.e., the magnetization direction of the sample is col-

linear with the surface normal and locally either parallel or 

antiparallel with respect to the tip magnetization direction). 

Due to the alternating magnetic domains, 

a comparison between molecules adsorbed 

on oppositely magnetized domains  16 – 21   can be 

used to calculate the MR, or—when equipped 

with an external magnetic fi eld ( B  ext )—a tradi-

tional spin-valve experiment can be performed 

by reversing the magnetization of one of the 

FM electrodes (e.g., the FM tip) by application of 

 B  ext  and subsequently measuring the same mol-

ecule with parallel and antiparallel confi gura-

tion of the two FM electrodes, respectively.  22 – 24   

The result of a magnetization reversal of the 

FM tip electrode is illustrated in  Figure 1d : the 

magnetic contrast of the FM sample electrode 

is inverted (i.e., the sample domains that were 

fi rst parallel (�)/antiparallel (⊗) with respect 

to the tip magnetization direction are now anti-

parallel (⊗)/parallel (�), respectively).   

 Spin- and energy-resolved 
tunneling with submolecular 
resolution 
 SP-STM offers atomic-scale control of the OSV 

junction. Moreover, it allows probing spin-

dependent transport through a single molecule 

with submolecular spatial and high energy 

resolution. The SP-STM images presented in 

 Figure 1d  and   Figure 2   were recorded in 

constant-current mode at the set-current  I  and 

sample bias voltage  V.  In this case, the local 

effective polarization ( P ) of the atomic-scale 

tunnel junction can directly be determined 

from height variations  Δ  s  resulting from 

oppositely magnetized domains, as introduced 

by Wiesendanger et al.:  25  

  

 Figure 1.      Schematic comparison of a (a) planar organic spin valve (OSV) and (b) a spin-

polarized scanning tunneling microscopy (SP-STM)-derived OSV. (c) A “real” OSV suffers 

from problems such as interdiffusion or metallic inclusions, defects, and impurities, as 

well as interface roughness (adapted from Reference 15). In contrast, a SP-STM-derived 

OSV is prepared in an ultrahigh vacuum with subnanometer control of the ferromagnetic 

(FM) organic interfaces. Typically, the FM sample, here, two atomic layers of Fe grown 

on W(110), exhibits alternating parallel (�) and antiparallel (⊗) domain structures that lead 

to a subtle variation of the tip height ( z ) from blue (low) to yellow (high) in (d) SP-STM 

images. Phthalocyanine molecules, exhibiting a clover leaf shape in the SP-STM images, 

are found on both magnetic domains and are easily distinguished from other atomic-scale 

species (circular features). The alternating domain structure allows local measurements 

of the transport in the parallel and antiparallel spin valve geometry on the same sample. 

Alternatively, an external magnetic fi eld ( B  ext ) can be applied to control the magnetization 

direction of the tip (or the sample). Reversing the magnetization direction of the tip leads 

to an inversion of the magnetic contrast of the sample.  19   Note: LSMO, La 0.67 Sr 0.33 MnO 3 ;  I , 

tunneling current;  V , applied bias voltage.    
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 where  ϕ  denotes the mean local tunneling barrier height and 

 1/ 2 -11 eV Å−≅a   . 

 The continuous color variation of the Fe fi lm from blue to 

yellow in the SP-STM images shown in  Figure 1d  between 

opposite magnetic domains corresponds to  Δ  s  of a few up to 

tens of picometers, depending on the details of the tunneling 

barrier. The spin-dependent transport from the FM sample 

through the molecules to the FM tip is conveniently visualized 

by calculating the difference between data obtained for mol-

ecules with identical adsorption geometries but on oppositely 

magnetized domains ( Figure 2 ). The so-called local effective 

polarization maps reveal two striking features: (1) an inver-

sion of  P  on the organic ligand (red = positive  P ) compared 

to the Fe-substrate (blue = negative  P ), which is visible in a 

broad energy interval and independent of the presence of the 

central molecular cobalt atom (as is evident by comparison 

of CoPc with the metal-free H 2 Pc in  Figure 2 ); (2) an energy-

dependent  P  of the central Co-ion. 

 When tunneling out of the occupied states (at  V  = –0.2 V), 

the spin-polarized current originating from the cobalt atom 

has positive  P , while for tunneling into the states close to the 

Fermi level ( V  = 0.05 V),  P  is zero at the Co-site 

(as evident by the white area in the correspond-

ing  P -map). When increasing the bias voltage 

( V  = +0.7 V), transport through the central 

Co-atom is predominantly of negative polariza-

tion (clearly shown by the blue coloring in the 

corresponding  P -map). The gradual change in 

 P  above the central Co-ion of CoPc molecules 

on an Fe electrode is a direct consequence of 

the strong hybridization of molecular orbitals 

and substrate states.  20   The spin-resolved data 

not only provide precise experimental infor-

mation on how and where a molecule needs to 

be contacted to achieve, for a given bias volt-

age applied, the desired spin-fi ltering effect 

(e.g . , on the organic ligand or the central metal 

atom), but also provide the surprising observa-

tion of the inversion of  P  on the organic ligand 

with respect to the FM Fe fi lm. This effect was 

already postulated by density functional theory 

(see the article by Atodiresei et al. in this issue) 

for CoPc molecules on a FM cobalt fi lm  16   and 

since then experimentally verifi ed for a variety 

of Pc molecules on different FM fi lms  19 , 20 , 23   as 

well as for three-dimensional molecules such 

as C 60 , 
 17   TbPc 2 , 

 22   or zinc-methyl-phenalenyl.  26   

 These experimental observations had a sig-

nifi cant impact on the interpretation of results 

on the OSV because they offered an expla-

nation for the puzzling and strongly debated 

negative MR in such structures. Indeed, in parallel with spin-

resolved scanning probe studies, a local solid-state device 

experiment and an x-ray absorption spectroscopy investigation 

led to similar conclusions.  27 , 28     

 Real-space observations of spin-split molecular 
orbitals of adsorbed single-molecule magnets 
 Single-molecule magnets (SMMs) exhibit a variety of fasci-

nating properties, such as hysteresis,  29   slow relaxation  30   and 

quantum tunneling of magnetization,  30 , 31   tunable coupling to 

magnetic substrates,  32 , 33   and electric control of molecular spin 

states.  34   Recently, the realization of novel devices, such as 

multiple-fi eld-effect nanotransistors  35   or supramolecular spin 

valves,  36   was reported, demonstrating the potential of SMMs 

for technological applications, in particular spintronics and 

quantum computing. Further progress in the fi eld requires a 

detailed understanding of structural and electronic properties, 

as well as magnetic interactions of individual SMMs in contact 

with a FM electrode in an atomically well-defi ned environment. 

 In many previous studies, bis(phthalocyaninato)terbium(III) 

(TbPc 2 , see   Figure 3  a) was chosen as a model-type system 

because of its high blocking temperature ( T  B  ∼ 30–50 K, where 

the blocking temperature is the temperature below which a 

superparamagnetic particle remains “blocked” in the same 

(initial) state during the time of measurement),  37 , 38   its comparably 

  

 Figure 2.      Spin-polarized scanning tunneling microscope (SP-STM) images (top and middle 

rows) and local effective polarization ( P ) maps (bottom row) for (a) cobalt phthalocyanine 

(CoPc) and (b) primitive phthalocyanine (H 2 Pc) molecules. The data in the left column of 

(a) and in (b) are overlaid with the molecular structures of CoPc and H 2 Pc, respectively 

(H, C, N, and Co atoms are represented by white, gray, blue, and red spheres, respectively). 

H 2 Pc and CoPc are easily distinguished in STM images by the absence or presence of the 

central maximum, respectively, which arises due to the Co  d -state contributions to the 

tunneling process. H 2 Pc-Fe interfaces with magnetization direction parallel to the tip (upper 

row) show an increased apparent height above the organic ligand, while the apparent 

height is reduced with respect to the clean Fe support for the antiparallel alignment. 

This effect is best visualized in the corresponding  P  map, which shows a positive  P  above 

the organic molecule and a negative  P  above the pristine Fe fi lm. The same effect is also 

visible for CoPc-Fe interfaces. CoPc-Fe interfaces show a gradual energy-dependence of 

 P  above the central Co-atom: from positive polarization (at –0.2 eV) via non-polarized (0.05 eV) 

to negative polarization (at 0.7 eV).  19 , 20   Note:  z , tip height.    
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small size, and its high stability, which allows for thermal 

deposition of the molecules onto FM substrates in ultrahigh 

vacuum (UHV).  39       

 The electronic structure of TbPc 2  adsorbed on an ultrathin 

Co fi lm deposited on Ir(111) has been investigated by local 

tunneling spectroscopy above a single mole-

cule.  22   The spin-averaged normalized differential 

tunneling conductance (d I /d V )/( I/V ) as a func-

tion of the applied bias voltage  V  ( Figure 3b ) 

shows two pronounced peaks at  V  = −0.9 V and 

 V  = +1.3 V. These spectroscopic features can 

be attributed to the highest occupied molecu-

lar orbital (HOMO)- and lowest unoccupied 

molecular orbital (LUMO)-derived states of 

the molecule, respectively, hybridized with 

the substrate states, leading to spectroscopic 

broadening. The spatial distribution of these 

states is imaged in the respective topographs 

(below) and shows an eight lobe structure for 

both HOMO- and LUMO-derived states. This 

particular appearance is characteristic for 

 π -orbitals of phthalocyanine molecules only 

weakly interacting with the surface. The obser-

vation of a similar eight lobe structure for the 

TbPc 2  molecules indicates that primarily the 

upper Pc ring is imaged, and it is only weakly 

electronically interacting with the Co-fi lm sup-

port. The appearance of an eight lobe structure 

is expected for both a neutral [TbPc 2 ] 
0  (with 

the ligand spin still present) as well as for a 

negatively charged [TbPc 2 ] 
−  molecule (with the 

ligand spin quenched by charge transfer from the 

substrate).  39 , 40   Therefore, spin-averaged STS 

measurements cannot distinguish between 

the charged and the neutral states of adsorbed 

TbPc 2  molecules. Moreover, spin-averaged 

measurements cannot directly determine the 

spin state of the frontier orbitals. In order to 

address the spin character of these orbitals, 

SP-STM/STS data have to be collected. 

 Measuring the energy dependence of the 

LUMO-derived state with a spin-polarized 

tip for parallel and antiparallel tip and sample 

magnetization directions ( Figure 3c ) shows 

that two states of opposite spin character are 

in the energy range spanned by the broad 

LUMO-derived feature in spin-averaged data. 

Moreover, the spin-resolved local tunneling 

spectroscopy data show that the broad feature 

with a maximum at  V  = +1.3 V, which was 

assigned to the LUMO-derived state in the 

spin-averaged spectrum ( Figure 3b ), in fact 

contains two spectroscopic features: a fi rst 

peak at  V  = +1.1 V being clearly visible only if 

tip and sample magnetizations are aligned 

antiparallel (referred to as LUMO ap  in the following), while 

the second peak at  V  = +1.2 V is more pronounced if tip and 

sample magnetizations are aligned parallel (LUMO p ). The 

lower panel of  Figure 3c  depicts the difference of the spin-

resolved normalized differential tunneling conductance for 

  

 Figure 3.      Spin-polarized scanning tunneling microscopy (SP-STM) of adsorbed 

bis(phthalocyaninato)terbium(III) (TbPc 2 ) molecules. (a) Schematics of SP-STM/scanning 

tunneling spectroscopy (STS) experiments of TbPc 2  molecules (hydrogen, carbon, 

nitrogen, and terbium atoms are represented by white, gray, blue, and green spheres, 

respectively) on Co on Ir(111) with alternating tip magnetization direction. (b) Spin-

averaged STS data clearly resolving the highest occupied molecular orbital (HOMO)- and 

lowest unoccupied molecular orbital (LUMO)-derived states of the adsorbed TbPc 2  on 

Co/Ir(111). The corresponding spin-averaged STM topographs show a characteristic 

eight-lobe appearance of the TbPc 2  molecules. This appearance is characteristic for both 

HOMO- and LUMO-derived states and originates from the upper Pc ring’s ligand orbitals. 

(c) In the upper panel, spin-polarized tunneling spectra of the LUMO-derived state obtained 

with a SP-STM tip, magnetized in two opposite directions, are displayed. The broad 

spectroscopic feature obviously has a substructure, as is evident by the two peaks in the 

red spectrum. In the lower panel spin-resolved calculations (d P =d I /d V /( I / V ) ap -d I /d V /( I / V ) pp ) 

show that both peaks have equal weight, but correspond to opposite spin channels of 

the spin-split LUMO state. (d) Experimental SP-STM maps prove that both spectroscopic 

features have the same spatial distribution, characteristic for the LUMO-derived state, 

but appear in opposite spin channels. Therefore, the spectroscopic feature can clearly be 

identifi ed as the spin-split LUMO-derived state, where the spin-splitting originates from 

the exchange interaction with the ferromagnetic thin-fi lm support.  22   Note:  z , tip height; 

ap, antiparallel; p, parallel;  I , tunneling current;  V , bias voltage, d I /d V , differential tunneling 

conductance.    



 SPIN-RESOLVED IMAGING AND SPECTROSCOPY OF INDIVIDUAL MOLECULES WITH SUB-MOLECULAR SPATIAL RESOLUTION   

612  MRS BULLETIN     •      VOLUME 39     •      JULY 2014     •      www.mrs.org/bulletin  

antiparallel and parallel alignment (d P ), which is a measure 

of the spin polarization of the LUMO-derived state. Clearly, 

the two parts of the LUMO-derived state are of opposite spin 

character. Their exact energetic positions are determined by 

fi tting two Lorentzian functions. The areas below the “antipar-

allel” and the “parallel” LUMO features are equal, indicating 

that the total spin polarization of the entire LUMO-derived 

state is zero. 

 After determining the spin character of the states, as 

observed in local tunneling spectroscopy, the spatial distribu-

tions of these states were mapped by constant-height SP-STM 

measurements. In order to avoid any topographic effects in 

SP-STM data, the tip was stabilized above the non-magnetic 

Ir substrate, which resulted in the same tip-sample distance 

for both parallel and antiparallel alignment of the SP-STM tip 

and Co-fi lm magnetization directions. The difference between 

the antiparallel and parallel cases yields information about 

the spatial distribution of the molecular spin polarization at a 

given energy ( Figure 3d ): For  V  = +1.0 V, it is positive, while 

it is negative for  V  = +1.3 V, consistent with the local tun-

neling spectroscopy data. More importantly, both SP-STM 

maps at  V  = +1.0 V and  V  = +1.3 V clearly reveal the same 

eight lobe orbital structure. The fact that an identical spatial 

distribution with opposite spin character is observed allows 

an unambiguous attribution of the two spectral features in 

the different spin channels to the same molecular orbital 

(i.e., spatially and energetically the spin splitting of the 

LUMO-derived  π -orbital state is resolved). The magnitude of 

the spin splitting of the LUMO-derived state amounts to  Δ  E  = 

 eV  LUMOp  −  eV  LUMOap  = 210 ± 20 meV ( e  denotes the elemen-

tary charge of the electron), whereas the total spin polariza-

tion of the LUMO-derived state is zero, as already mentioned, 

thereby excluding the presence of an unpaired electron in the 

LUMO-derived state. The value  Δ  E  of  ∼ 210 meV determined 

for the spin splitting is comparable to the  ∼ 500 meV observed 

for C 60  in contact with a Fe fi lm.  17   

 Interestingly, the spin-resolved STM data allow an unam-

biguous determination of the charge state of the TbPc 2  molecule: 

the isolated TbPc 2  molecule has an unpaired spin on the 

organic ligand; this radical would show up in an SP-STM 

experiment as a spectroscopic feature for both bias polarities 

(i.e., below and above the Fermi energy). A spin-dependent 

spatial mapping of these features would show the same 

molecular orbital, but with opposite spin character, similar to 

the situation observed in our experiment, however, at opposite 

bias polarities. The fact that we observed this behavior only 

for the positive bias polarity means that the orbital is com-

pletely empty, and therefore the radical spin must be quenched 

upon adsorption of the TbPc 2  molecule on the Co-fi lm.   

 Summary 
 Spin-polarized scanning tunneling microscopy/scanning 

tunneling spectroscopy (SP-STM/STS) studies of individual 

CoPc (Pc = phthalocyanine) molecules adsorbed on a fer-

romagnetic (FM) Fe thin fi lm were presented, revealing the 

energy-dependent spin transport through a single molecule 

with intramolecular spatial resolution. The current fl owing 

through the adsorbed CoPc molecule shows a high, spatially 

varying spin polarization ranging from inversion up to 

amplifi cation with respect to the FM Fe fi lm, depending on 

the particular functional unit of the molecule (i.e., metal-ion 

site or organic ligand). The observed spatial dependence of 

the spin-polarized current fl owing through the molecule is 

identifi ed as a result of the formation of molecule-substrate 

hybrid states by a combined SP-STM and density functional 

theory approach. In particular, the  π  -d  hybridization present 

for organic molecules chemisorbed on magnetic surfaces 

has since been observed for a variety of systems and led 

to the discovery of novel effects such as magnetic harden-

ing of thin fi lms by adsorption of organic molecules. In the 

future, fundamentally new aspects of organic spintronics can 

be expected to be unveiled by SP-STM/STS when organic 

molecules are studied on more complex magnetic surfaces, 

such as antiferromagnets, non-collinear spin-states, and sky-

rmionic lattices. 

 SP-STM/STS investigations of adsorbed TbPc 2  molecules 

have led to an unambiguous experimental determination of 

their charge and spin state: the radical spin was found to be 

quenched upon adsorption of the TbPc 2  molecule on a Co fi lm 

support, as in the case of adsorbed CoPc molecules on ultra-

thin Fe fi lms. These central experimental observations are of 

crucial importance for potential device applications of TbPc 2 , 

as the coupling of the Tb-ion to its surrounding is believed 

to be mediated by the ligand orbitals. Key challenges in the 

fi eld remain in accessing and manipulating the  f -states of, for 

example, the Tb-ion directly with SP-STM or addressing indi-

vidual spin-centers in single-molecule magnets (SMMs) such 

as manganese-12-acetate. Furthermore, pushing the temporal 

resolution in SP-STS below the nanosecond regime will open 

a viable route toward studying and controlling the processes of 

magnetization reversal in SMMs and organic-ferromagnetic 

hybrids in atomically well-defi ned environments with sub-

molecular precision.     
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