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ABSTRACT: We report an electrochemically assisted jump-
to-contact STM break junction approach to create 
reproducible and well-defined single-molecule spintronic 
junctions. The STM break junction is equipped with an 
external magnetic field either parallel or perpendicular to the 
electron transport direction. The conductance of Fe-
terephthalic acid (TPA)-Fe single-molecule junctions is 
measured and a giant single-molecule tunneling anisotropic 
magnetoresistance (T-AMR) up to 53% is observed at room 
temperature. Theoretical calculations based on first-
principles quantum simulations show that the observed AMR 
of Fe-TPA-Fe junctions originates from electronic coupling at 
the TPA-Fe interfaces modified by the magnetic orientation 
of the Fe electrodes with respect to the direction of current 
flow. The present study highlights new opportunities for 
obtaining detailed understanding of mechanisms of charge 
and spin transport in molecular junctions and the role of 
interfaces in determining the MR of single-molecule 
junctions. 

Molecular junctions1-3, composed of a thin film of organic 
molecules contacting magnetic electrodes, or single mole-
cules bridging two magnetic electrodes, have received much 
attention since they have longer spin relaxation time and 
desirable properties such as low cost and flexible chemical 
tuning of electronic functionality. This has formed two sub-

branches of spintronics, namely organic spintronics1 and 
single-molecule spintronics2,3, respectively. Single-molecule 
junctions provide model systems for fundamental investiga-
tion of spintronic transport and they represent the potential-
ly ultimate form of miniaturized spintronic devices. 

For single-molecule spintronic junctions in a FM-non-
magnetic molecule-FM motif, where FM refers to ferromag-
netic electrode, the molecule can be considered to be a tun-
nel barrier in the tunneling limit. Clearly, for such junctions 
quantum mechanical effects will play an important role, with 
the spin-polarized current being crucially dependent on the 
magnetic state of the electrodes as well as electronic cou-
pling between the molecule and electrodes. It was predicted 
in the early 2000’s that simple non-magnetic organic mole-
cules with either conjugated or non-conjugated structures 
such as 1,4-benzenedithiol (BDT)4,5 and 1,8-octanedithiol 
(ODT)6, bridging two ferromagnetic electrodes such as Ni 
and Fe should display a readily observable spin-valve type of 
magnetoresistance (MR), in which the electric conductance 
of the junctions differs when the magnetizations of the two 
FM layers change between the parallel and anti-parallel con-
figurations from each other. It was shown further7 that mole-
cules with good electron delocalization and coupling with 
electrodes would produce highly spin-dependent molecular 
conductance. These seminal theoretical works have stimulat-
ed a number of further theoretical investigations e.g.8-12. 

However, despite much theoretical activity, reports of suc-
cessful experimental work on the magnetoresistance of mo-
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lecular junctions are rather limited13-16, and to the best of our 
knowledge only two or three pieces of works concerning 
single-molecule junctions14-16 have appeared recently: In 2011 
Schmaus et al.14 reported low temperature differential MR of 
cobalt (nanoisland)-(H2Pc)-cobalt-coated tungsten tip sin-
gle-molecule junctions, where H2Pc is the non-magnetic hy-
drogen phthalocyanine molecule, using spin-polarized STM 
operating in UHV and based on the measurement of differ-
ence in differential conductance (dI/dV) between two Co 
islands having parallel and anti-parallel magnetization 
alignment, respectively, with respect to the magnetization 
orientation of the STM tip. In the same year, Yamada et al.15 

studied electron transport of Ni-BDT-Ni single-molecule 
junctions as a function of the strength and direction of the 
external magnetic field by using a mechanically controlled 
break junction (MCBJ)17, 18 at room temperature and in ambi-
ent condition. Magnetoresistance of the single-molecule 
junctions as large as 30% was observed. Since this was caused 
by the change of magnetic orientation of the external field 
with respect to the direction of current flow, we can term it 
as anisotropic magnetoresistance (AMR).  However, the spin 
polarization of a single-molecular junction was not demon-
strated in their work. 

The dearth of ambient condition single-molecule MR 
experimental investigations, especially in comparison to the 
significant body of published research on large-area organic 
thin films19, is largely due to the difficulties in constructing 
magnetic heterojunctions with good reproducibility. 
Although well-established techniques in the field of 
molecular electronics17,18,20,21 such as MCBJ17,18 and the 
scanning probe microscope break junction (SPM-BJ)20,21 can 
enable the formation of molecular magnetic heterojunctions, 
they are susceptible to magnetostriction effects22. Also the 
“crash-to-contact” working principle of both the MCBJ and 
conventional SPM-BJ in which the electrodes are metallically 
fused before junction opening, precludes the formation of 
molecular junctions with a well-defined and reproducible 
structure, meaning that both the electronic structure of the 
junction and the magnetic state of the electrodes will show 
great variability even within a single set of measurements. In 
addition, ferromagnetic metal electrodes are prone to oxida-
tion, which imposes difficulties for carrying out investiga-
tions under ambient conditions. These issues are unfavorable 
for fabricating reproducible spintronic single-molecule 
junctions and thus hinder the experimental investigations of 
important issues such as how decisively the electronic 
structure of metal electrodes, localization or delocalization of 
bridging molecules and electronic coupling at the interfaces 
between them influence the MR of single-molecule junctions. 

Here, we show that reproducible single-molecule spintronic 
junctions can be achieved by using an electrochemically 
assisted jump-to-contact STM-BJ approach (JTC-STM-BJ) 23, 24, 
coupled with external magnetic fields which are either paral-
lel or perpendicular to the direction of current flow enabling 
determination of the magnetic anisotropy, Figure 1. 
Terephthalic acid (TPA) single-molecule junctions formed 
with Fe electrodes are investigated and hitherto unreported 
giant room temperature single-molecule AMR of up to 53% is 

observed. Theoretical calculations based on first-principles 
quantum simulations support a tunneling mechanism of 
AMR (T-AMR) and elucidate the importance of the 

electronic coupling at the TPA-Fe interfaces tuned by the 
direction of magnetization. 

 

EXPERIMENTAL SECTION 

Experiments were performed on a modified Nanoscope E 
STM (Veeco, Santa Barbara, CA) equipped with an additional 
computer workstation with a DA/AD card of 16 bits, installed 
to control the tip movement and for data collection. For 
magnetoresistance measurement, the static magnetic field is 
applied using permanent magnets (Figure S1 and Figure S2). 
Discrete magnetic field strengths can be achieved in the 
range from 0.010 to 0.275 T in the direction parallel to cur-
rent flow. Only one magnetic field strength of 0.300 T was 
applied in the direction perpendicular to current flow. The 
Pt-Ir STM tip was mechanically cut and insulated by apiezon 
wax or thermosetting glue to reduce the electrochemical 
current.  One of the {111} facets of Au single crystal bead was 
used as the substrate surface. Electrochemical control was 
achieved through a bipotentiostat and the electrode poten-
tials of the STM tip and Au substrate were controlled inde-
pendently. Platinum wire was used as the counter electrode 
and Ag/AgCl as reference electrode. Experiments were con-
ducted in 1-butyl-3-methyl-imidazolium hexafluoroborate 
(BMIPF6) ionic liquid25 containing 1 mol L-1  FeCl3 and 20 
mmol L-1  TPA.   

Figure 1  (a-c) Schematic illustration of operation principle 
of electrochemically-assisted STM-BJ for spintronic investi-
gations. Either parallel or perpendicular external magnetic 
field can be applied.  (a) Freshly coated STM tip with a thin 
layer of Fe, (b) tip approaching towards the substrate sur-
face until jump-to-contact occurs to form a nanocon-
striction, (c) stretching of the nanoconstriction and for-
mation of molecular junctions. (d) STM image showing a (10 
×10) array (180x150 nm2) Fe clusters on Au(111) created and 
imaged after an STM-BJ experiment. (e) Profile analysis of 
Fe clusters in (d).  
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The procedure for creating molecular junctions with Fe in-
cludes several steps24: 1) Fe is continuously deposited onto 
the STM tip to form a thin film at 50~200 mV negative of the 
Nernst potential for Fe deposition, Figure 1a. 2) A preset volt-
age pulse is superimposed onto the voltage that is supplied 
by the STM instrument to the z-piezo tube. This brings the 
tip towards the Au(111) surface, and eventually induces the 
jump-to-contact process. Stronger chemical interaction be-
tween Fe and Au results in the transfer of Fe atoms from the 
tip to the Au surface, forming a nanoconstriction of Fe be-
tween the tip and surface, Figure 1b. 3) Once the rapid rising 
current generated due to jump-to-contact process is detected, 
the tip is retracted at a typical rate of 20 nm s-1 until the 
nanoconstriction is broken. 4) The break of contact process 
leaves a Fe cluster on the surface, and meanwhile allows 
nearby molecules to bridge the cluster and tip forming Fe-
molecule-Fe molecular junctions. In the step 3 and 4, the 
conductance of the nanoconstriction and molecular junction 
is continuously monitored and recorded upon tip retraction 
at a sampling frequency of 20 kHz to generate a conductance 
trace as a function of retraction distance. The above proce-
dure was repeated thousands of times per experiment, each 
time at a new location. Each experiment was repeated several 
times. Histograms were constructed based on the conduct-
ance traces after removing those which are very noisy or 
show exponential decay with no step in the desired conduct-
ance range, and the most probable conductance was deter-
mined by Gaussian fitting for each condition.  

SIESTA (Spanish Initiative for Electronic Simulations with 
Thousands of Atoms) code26 was used to compute the atomic 
structure of Fe-TPA-Fe molecular junctions and the quantum 
transport code SMEAGOL (Spin and Molecular Electronics 
Algorithm on a Generalized Atomic Orbital Landscape)7, 27  

to study their electronic transport properties. SIESTA is an 
efficient DFT package, which makes use of improved 
Troullier–Martins pseudopotentials for describing the atomic 
cores and adopts a finite-range numerical orbital basis set to 
expand the wave functions of the valence electrons26,28. A 
double-zeta plus polarization (DZP) basis set is used for H, C 
and O, while a single-zeta plus polarization (SZP) basis is 
used for Fe and Au. The exchange-correlation functional is at 
the level of the generalized gradient approximation (GGA) 
within the Perdew-Burke-Ernzerhof (PBE) formulation29. 
Geometry optimization is performed by standard conjugate 
gradient relaxation until the atomic forces are smaller than 
0.03 eV Å−1. 

SMEAGOL is a practical implementation of the NEGF+DFT 
approach, which employs SIESTA as the DFT platform7,30. An 
equivalent cutoff of 200 Ryd for the real space grid was used. 
The charge density was integrated over 36 energy points 
along the semi-circle, 36 along the line in the complex plane 
while 36 poles are used for the Fermi function (the electronic 
temperature was 25 meV). Periodic boundary conditions in 
the plane transverse to the transport were always considered. 
The unit cell of the extended molecule comprises TPA mole-
cule and several layers of the electrodes. The total transmis-
sion coefficient T(E) of the junction was  evaluated as  

2 2

1
( ) ( ; ) ,

DBZ DBZ

T E T k E dk=
Ω ∫

r r

     (1) 

where Ω2DBZ is the area of the two-dimensional Brillouin 
zone (2DBZ) in the transverse directions. The k-dependent 
transmission coefficient is obtained as 

( , ) [ ],R R

L M R M
T k E Tr G G

+= Γ Γ
r

      (2) 

where
R

M
G

 is the retarded Green’s function matrix of the 

extended molecule and ΓL  (ΓR ) is the broadening function 
matrix describing the interaction of the extended molecule 
with the left-hand (right-hand) side electrode. Here, we cal-
culate the transmission coefficient by sampling 3×5 k-points 
in the transverse 2DBZ. 

 

RESULTS AND DISCUSSION 

The principle of the JTC-STM-BJ approach to construct a 
single-molecule spintronic junction is illustrated schemati-
cally in Figure 1. Fe clusters can be repeatedly created at dif-
ferent locations of the surface and Figure 1d shows an array 
of (10×10) Fe clusters. The clusters have sizes of about 8~10 
nm in diameter and 1~1.5 nm in height, corresponding to 
roughly 6000 Fe atoms per cluster. An array size of up to 
(100×100) can be easily achieved with reasonably uniform 
size. The importance of the jump-to-contact strategy is two-
fold. First, the Fe clusters have well-defined crystalline struc-
ture which in turn establishes the surface structure of the 
substrate31, 32; this observation is supported by atom dynam-
ics simulations33. Second, the Fe clusters are single domain 
ferromagnetic particles with strong shape anisotropy. Com-

parison of the shape anisotropy energy with the thermal 

energy suggests that Fe clusters having a size of 8×8×1 nm3 
are in the anisotropic superparamagnetic regime at room 
temperature34

. This means that on the one hand, the mag-

netic moment of the cluster can be manipulated by the ex-

ternal magnetic field, while on the other hand, it stays in-

plane with zero average strength in the absence of a field 

because of the strong out-of-plane demagnetizing factor 

(Note S2). Micromagnetic simulations have been carried 

out using the NMAG code
35
, and results show that the Fe 

cluster can be magnetized to near saturation by an external 

field of low strength in the presence of a Fe tip that is 

placed closely above the cluster, Figure S3. This means that 
these Fe clusters can serve as one of the magnetic electrodes 
necessary to form molecular spintronic junctions. 

TPA is a short molecule with a length of ca. 0.8 nm, whose 
electronic structure and molecule conformation resemble 
those of benzenedithiol (BDT). The latter is regarded as a 
model system and features in many theoretical investigations 

4,5,36.37 with the consensus that electron transport follows a 
superexchange mechanism. To serve as a reference point, Fe-
TPA-Fe molecular junctions in the absence of external mag-
netic field are studied first. The STM tip retraction traces are 
shown in Figure 2a (left panel) as junction conductance ver-
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sus distance curves. These feature plateaus and steps which 
are synonymous with the formation of molecular junctions. 
The lowest conductance plateau located at around 22.8 nS 
corresponds to the conductance of the Fe-TPA-Fe single-
molecule junction. Many of these curves from many retrac-
tion events are represented in conductance histograms (Fig-
ure 2a, middle panel). The Gaussian fitting of the conduct-
ance histogram, in Figure 2a middle panel, further verifies 
the most probable single-molecule conductance of 22.8 ± 0.7 
nS. A two-dimensional histogram of conductance and 
stretching distance is also constructed, right panel, and the 
high count region of conductance and length gives the most 
probable junction conductance and displacement distance.   

Applying a perpendicular magnetic field (of up to 0.300 T) 
does not cause a change in the conductance of Fe-TPA-Fe 
single-molecule junctions, Figure 2c. Surprisingly, however, 
application of a parallel magnetic field of 0.230 T decreases 
their conductance to 16.1 ± 0.4 nS, as seen in Figure 2b. This 
corresponds to an anisotropic magnetoresistance (AMR) of 
30% at the field strength of 0.23 T and bias of 0.1 V (tip posi-
tive). Here, AMR is defined as AMR=(Gper-Gpara)/Gper, where 
Gper and Gpara are, respectively, the conductance values of Fe-
molecule-Fe single-molecule junctions under perpendicular 
and parallel magnetic field.  

Several pieces of evidence are worth mentioning to support 
the reliability of the measured conductance data: 1) The most 
probable conductance values obtained from histograms con-

structed from at least five experiments, each containing more 
than 1000 conductance traces, show small standard devia-
tions as shown by the small error bars; 2) The addition of 
more sets of conductance traces to a specified conductance 
histogram does not change the most probable value of con-
ductance although the height of the conductance peak in-
creases (Figure S4); 3) Experiments performed with a Cu-
TPA-Cu molecular junction do not show any obvious change 
of conductance regardless of magnetic field direction and 
strength (Figure S5).  

It is also important to note that in the present work discrete 
and static parallel magnetic fields are applied using a set of 
permanent magnets so that the Fe electrodes are always 
magnetized from remanent field strength (~ 0.010 T) to the 
specified field strength before measurements. Although this 
manner of magnetic field variation does not allow studies of 
MR hysteresis, it eliminates artifacts due to magnetostriction, 
because the tip and cluster magnetization and therefore the 
magnetostriction do not change while the molecular con-
ductance is measured.  

We then focus on the parallel magnetic field, and further 
studied the AMR of the molecular junction with a set of sev-
en magnets that provide applied magnetic fields in the range 
of 0.010 to 0.275 T. We mention that the remnant magnetic 
field from the STM sample stage is 0.010 T due to a perma-
nent magnet placed under the STM cell and used to fix the 
STM head. The corresponding conductance traces and two-

Figure 2 Typical conductance traces (left panels) and histograms (middle panels) of Fe-TPA-Fe molecular junctions in the 
absence (a) and presence of parallel (b, 0.230 T) and perpendicular (c, 0.300 T) magnetic field. The right panels are the two-
dimensional histograms of conductance and displacement distance. Solution: BMIPF6 containing 1 mol L-1 FeCl3 and 20 
mmol L-1 TPA. The potentials of the substrate Au(111) and the tip are -750 and -850 mV vs. Ag/AgCl, respectively, which gen-
erate a bias of -100 mV (tip positive). The selection rate of conductance traces for construction of histograms is 17% (1577 out of 

9297), 22% (2136 out of 9552) and 13% (713 out of 5550) for the absence of magnetic field, and parallel and perpendicular magnetic 

fields, respectively. 
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dimensional histogram are provided in Figure 3.  Increasing 
the strength of parallel magnetic field causes gradual de-
crease of the single-molecule conductance. The curves pre-
sented in Figure 4a are plots of the single-molecule conduct-
ance and AMR as a function of magnetic field strength at a 
bias voltage of 0.1 V. Each error bar is the standard deviation 
of five sets of most probable conductance data at the speci-
fied magnetic field strength. A clear monotonic decrease of 
conductance, or equivalently an increase of AMR, with in-
creasing magnetic field strength is seen. 

The applied bias voltage can influence the electric current 
through the junction by altering the conducting states in the 
bias window as well as the alignment between the metal 
Fermi levels and frontier molecular orbitals of the molecular 
bridge. We studied the bias dependence of the conductance 
under a parallel magnetic field strength of 0.230 T. Note that 
to maintain a fixed rate of Fe deposition on the tip, the bias is 
varied by changing the substrate potential while keeping the 
tip potential fixed, and only negative biases (tip vs. substrate) 
are possible to avoid bulk deposition of Fe on the substrate. 
Furthermore, to separate the bias influence from the influ-
ence of electrode potential, normalization of AMR is per- 
formed by subtracting the conductance without field Gzero 
from that with parallel field Gpara at each bias voltage, fol-
lowed by dividing Gzero at the same bias voltage. Figure 4b 
shows that the normalized AMR decreases with increasing 
bias voltage. An AMR as high as 53 ± 5 % is reached at a bias 
of -50 mV, which decays rapidly as the bias voltage increases 
in the low bias regime (-50 ~ -100 mV) and slightly levels off 
in the high bias regime (-100 ~ -150 mV). Such an AMR-bias 
dependency is seen regardless of magnetic field strength.  

 

The most important observations of the present study are 
that the Fe-TPA-Fe single-molecule junctions exhibit a giant 
AMR (up to 53 ± 5 %), i.e. the conductance of the molecular 
junctions under a parallel magnetic field is much lower than 

that under a perpendicular field and the AMR increases as 
the magnetic field is increased or the bias voltage is de-
creased.  However, TPA is a simple non-magnetic organic 
molecule for which electron transport is expected to be by 
the superexchange mechanism. By itself, it is not expected to 
give rise to AMR. This implies that not only is the spin polar-
ization of the pair of magnetic electrodes but also the  elec-
tronic coupling at the interface between TPA and the na-
noscale Fe electrodes crucial to the observation of AMR of 
Fe-TPA-Fe molecular junctions38. For the spin polarization of 
the Fe electrodes, we propose that the single domain Fe  
clusters have an in-plane magnetic moment which averages 
to zero within the time scale of measurement (~10 ms) in the 
absence of an external magnetic field at room temperature, 
Figure 5a; while the Fe thin film coating the tip either has an 
in-plane magnetic orientation39 in the absence of a magnetic 
field or follows the direction of the externally applied mag-
netic field. This would lead to the following scenario: Both in 
the absence of magnetic field and in the presence of a per-
pendicular external magnetic field, the cluster and film elec-
trodes both have in-plane magnetic orientation, 5a and 5b. 
Rotating the external magnetic field to the parallel direction 
changes the magnetization of the two electrodes into an out-
of plane orientation, which is parallel to the current flow. 
Together with the well-defined junction structure reproduci-
ble and reliable AMR measurements of FM-molecule-FM 
single-molecule spintronic junctions could be ensured.   

In order to gain an in-depth insight into the origin of the 
AMR of the Fe-TPA-Fe molecular junctions, we have theoret-

Figure 5 Schematic illustration of proposed magnetiza-
tion orientation of cluster and film electrodes of Fe (a) in 
the absence of magnetic field, and (b) with field perpen-
dicular and (c) parallel to the direction of current flow. 
The blue arrows represent the magnetization. Refer to 
Note S2 

 

Figure 4 Single-molecule conductance and AMR as a 
function of parallel magnetic field strength at a bias volt-
age of -0.1 V (left) and a function of bias voltage under a 

parallel magnetic field strength of 0.275 T (right).  

Figure 3 Conductance traces (upper panels) and two-
dimensional histograms (lower panels) of Fe-TPA-Fe mo-
lecular junctions with four strength of parallel magnetic 
fields. The selection rate is of 17% for 0.01 T, 16.9% for 0.082 
T, 18.8% for 0.162 T, and 22.5% for 0.275 T, respectively. 
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ically investigated the effects of the magnetic orientation on 
the electronic transport properties of single TPA molecules 
connected to Fe electrodes. This is realized by employing the 
non-equilibrium Green’s function formalism combined with 
density functional theory (i.e., the NEGF+DFT approach)7, 27.  
Crucially, spin-orbit coupling is taken into account through 
pseudopotentials30,40. We first consider a simple model sys-
tem in which one TPA molecule is connected to two semi-
infinite Fe monatomic chains (see Figure S7). Indeed, the 
transmission around the Fermi level shows a difference when 
the magnetic orientation is changed although the overall 
shape of the transmission spectrum remains largely un-
changed. In detail, the transmission spectrum around the 
Fermi level is very flat when the magnetization is parallel to 
the transport (the z-axis), and the transmission coefficient at 
the Fermi level is calculated to be 4.3×10-2; In contrast, when 
the magnetization is perpendicular to the transport (the x-
axis), the transmission coefficient increases from 4.9×10-2 at 
the Fermi level to 0.28 at 62 meV above the Fermi level. This 
tuning of the transmission coefficients around the Fermi 
level by rotating the magnetization direction is in qualitative 
agreement with our experimental results for the Fe-TPA-Fe 
molecular junctions 

Encouraged by this preliminary yet favorable result, we con-

structed more realistic junction models with bulk Fe elec-
trodes for detailed analysis. Considering that in our experi-
ments one of the Fe electrodes composing the Fe-TPA-Fe 
junction is a Fe cluster created in-situ on the Au(111) surface 
and that Fe always exhibits a pseudomorphic growth behav-
ior on the flat Au(111) surface when its thickness is below a 
critical value41, an asymmetric TPA junction is constructed, 
in which one electrode is bulk BCC Fe with the (110) orienta-
tion and the other is bulk FCC Au with two monolayers of Fe 
pseudomorphically grown on the (111) surface. As shown in 
Figure 6a (see also Figure S8), at one side of the Au/Fe-TPA-
Fe junction the TPA molecule is assumed to connect to the 
Fe(110) surface through a two-atom Fe cluster mimicking a Fe 
monatomic chain, while at the other side, the TPA molecule 
is wired to the Au/Fe(111) electrodes through a five-atom Fe 
cluster. The equilibrium transmission spectra of the asym-
metric Au/Fe-TPA-Fe junction are presented in Figures 6b 
and 6c. Similarly to the case of Fe monatomic chain elec-
trodes, the magnetization direction does not affect the over-
all shape of the transmission spectra, but in the energy range 
0.1 to 0.5 eV above the Fermi level the transmission coeffi-
cients calculated for the magnetization perpendicular to the 
transport are larger than those for the magnetization lying 
parallel to the transport. Note that during the conductance 

Figure 6  Atomic structure and transport properties of the asymmetric Au/Fe-TPA-Fe molecular junction. (a) The opti-
mized geometric structure of Au/Fe-TPA-Fe junction with four atoms arranged in a tetrahedral configuration plus one 
outside atom connecting to the apex, (b) equilibrium transmission spectra on a large energy scale and (c) around the 
Fermi level and (d) the LDOS of the 3dyz orbital of the two Fe tip atoms. 
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measurements, the electrode potentials of the pair of Fe elec-
trodes are gated, by the reference/counter electrode combi-
nation, to be 50~200 mV negative of the equilibrium poten-
tial. In other words, the energies of electrons at the Fe elec-
trode are shifted by 50~200 mV above the Fermi level at 
equilibrium, into the energy region that shows a significant 
effect of magnetic orientation on the transmission coefficient 
in Figure 6c. The calculated effect of magnetic orientation on 
the transmission coefficient is in good qualitative agreement 
with experimental observations. These differences in the 
transmission curves originate from the dependence of the 
local density of states (LDOS) of the Fe atoms connected 
directly with the TPA molecule on the magnetization orien-
tation, Figure 6d. When comparing the LDOS of the two Fe 
apex atoms (labeled as Fe1 and Fe2) with the transmission 
spectra of the asymmetric Au/Fe-TPA-Fe junction, it is found 
that the LDOS of the 3dyz orbital of the Fe apex atom on the 
Au/Fe(111) surface determines the shape of the transmission 
spectra in the energy range from 0.1 to 0.5 eV while the 
LDOS of the 3dyz orbital of the Fe apex atom on the Fe(110) 
surface determines the relative magnitude of the transmis-
sion in the same energy range. This illustrates the important 
role played by the fine structure of the TPA-Fe interfaces. In 
fact, a number of configurations of molecular junctions have 
been constructed for calculation including those with two Fe 
electrodes having the (100) or (110) surfaces of the bulk BCC 
structure (see Figures S10 and S11)38 for which no significant 
AMR is obtained. This further reveals the vital importance of 
the interfacial structure of the single-molecule junction for 
the observation of AMR38. 

It should be noted, however, that the calculated transmission 
coefficients are much larger than the measured conductance. 
Further theoretical investigations are needed to clarify the 
underlying factors which cause such a discrepancy. Never-
theless, the calculations clearly show that the spin-orbit in-
teraction is dependent on the magnetization orientation of 
the Fe electrode and can influence the LDOS of the contact 
and hence the tunneling probability through the Fe-TPA-Fe 
single-molecule junctions.  Such an influence has not been 
studied theoretically for room temperature single-molecule 
spintronic junctions previously, but our explanation is sup-
ported by the tunneling AMR reported for large-area organic 
spintronic devices42,43. Thus both experiment and theory 
reveal that the observed AMR of Fe-TPA-Fe single-molecule 
junctions is tunneling AMR (T-AMR).  

 

CONCLUSIONS 

 We have demonstrated that reproducible Fe-TPA-Fe single-
molecule spintronic junctions can be constructed by a JTC-
STM-BJ approach at room temperature. This has led to the 
observation of hitherto unreported tunneling AMR of single-
molecule junctions, which is as large as >53% at room tem-
perature and tip bias of -50 mV. The advantages of precise 
control of the chemical state of the magnetic electrodes, the 
creation of nanoconstrictions and metal-molecule contacts 
with well-defined structures as well as greatly reduced mag-
netostriction make the JTC-STM-BJ a powerful room temper-

ature experimental platform for constructing robust single-
molecule spintronic junctions including magnetic or non-
magnetic electrodes contacting magnetic or non-magnetic 
molecules. This provides the potential for seeking and inves-
tigating diverse single-molecule spintronic systems given the 
availability of various kinds of designable molecules. For 
example, using the JTC-STM-BJ a preliminary study on the 
effect of bromide substitution on the conductance of TPA 
(2,3,5,6-Tetrabromoterephthalic acid, TPA-Br4) molecular 
junctions has been carried out. The introduction of the four 
electron-withdrawing Br atoms causes extended delocaliza-
tion of electrons through the benzene skeleton so that TPA-
Br4 molecular junctions exhibits larger electric conductance 
than TPA molecular junctions under the same condition, 
Figure S12. The presence of the Br atoms also influences the 
electronic coupling at the contact. These two factors together 
result in an observation of AMR of 38.7%, which is bigger 
than that of TPA (29.4%) under the same condition (tip bias 
-100 mV and parallel magnetic field of 0.23 T).  Systematic 
and comparative studies of the AMR of saturated and conju-
gated molecular spintronic junctions are currently in pro-
gress in our laboratories. 
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