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Large room temperature magneto-resistance observed for devices composed of 

self-assembled mono-layers of different oligophenylene thiols sandwiched between gold 

contacts has recently been reported [Z. Xie et al., ACS Nano, 10, 8571−8577 (2016)].  

The transport mechanism through the organic molecules was determined to be non-

resonant tunneling.  To explain this kind of magneto-resistance, we develop an analytical 

model based on the interaction of the tunneling charge carrier with an unpaired charge 

carrier populating a contact/molecule interface state.  The Coulomb interaction between 

carriers causes the transmission coefficients to depend on their relative spin orientation.  

Singlet and triplet pairing of the tunneling and the interface carriers thus correspond to 

separate conduction channels with different transmission probabilities.  Spin relaxation 

enabling transitions between the different channels, and therefore tending to maximize 

the tunneling current for a given applied bias, can be suppressed by relatively small 

magnetic fields, leading to large magneto-resistance.  Our model elucidates how the 

Coulomb interaction gives rise to transmission probabilities that depend on spin and how 

an applied magnetic field can inhibit transitions between different spin configurations. 

Indexing code: 72.25.Hg Electrical injection of spin polarized carriers; 72.25.Mk Spin 

transport through interfaces; 68.55.am Polymers and organics; 72.25.Rb Spin relaxation 

and scattering;  
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I. ITRODUCTION 

Molecules, such as oligophenylene thiols, bond in oriented fashion to gold substrates and 

lend themselves to the formation of well-defined self-assembled monolayers (SAMs).1  

Charge transport through the molecules can be explored experimentally by contacting the 

metal substrate, making a soft electrical contact to the exposed side of the SAM, and 

applying bias.2,3  The conductance of these SAM-based molecular junctions is a topic of 

intense investigation and different transport mechanisms such as tunneling and hopping 

have been observed.4,5  While SAM-based experiments of molecular charge transport 

measure the parallel conductance of roughly one hundred molecules, other techniques 

have focused on single molecules.6-7  

The metal-molecule-metal junction electrical measurements have also addressed 

magnetic field effects.  In particular, the Kondo effect has been observed in low 

temperature (typically 10 K) experiments on single molecules under relatively large 

applied magnetic fields (typically several Tesla).8,9  The effect is a consequence of spin 

correlation between the charge carriers in the contact and in the molecule.  This 

interaction leads to a conductance characterized by a zero-bias resonance, which is 

sensitive to an applied magnetic field.   

On the other hand, recent experiments on relatively short oligophenylene thiol 

molecule SAMs have led to the observation of significant zero-bias, room temperature 

magneto-resistance (ܴܯ) at low applied magnetic fields (0.1 T).10  The transport was 

shown to be due to non-resonant tunneling by comparing the conductances of molecules 

of different lengths, and the relative ܴܯ was found to be essentially independent of the 

length of the molecule and also independent of the direction of the magnetic field.  
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Conventional, single-particle effects do not explain these observed phenomena for the 

following reasons: (1) the electron energy scale associated with a magnetic field is on the 

order of 0.1 meV/T, i.e. negligible compared to the tunneling barrier and the thermal 

energy for the small magnetic field applied; (2) the length scale of the confinement 

potential associated with the weak magnetic field is large compared to the size of the 

molecules; and (3) any modulation of the overlap of wave functions involved in the 

tunneling process should dependent on the direction of the magnetic field.  The 

experimental observations are therefore attributed to an effect not considered in an 

independent particle treatment, here specifically the interaction between a tunneling 

charge carrier and an unpaired charge carrier in the molecule.  Density functional 

calculations and experiments have provided ample evidence that the chemisorption of 

aromatic thiols on metals can lead to charge transfer, i.e. localized charge on the 

molecule and compensating charge in the metal.11-13  It is the aim of this paper to present 

a more complete analytical model for the experimental ܴܯ  results reported, and to 

explore different parameter sets that may be relevant for different molecules.  In section 

II the models for the tunneling transmission coefficients and subsequently for the carrier 

distribution over the different transmission channels are developed.  Section III presents 

example results, and Section IV summarizes the conclusions.  The presentation here is in 

terms of electron tunneling.  However the model developed has electron-hole symmetry 

and in a simplified version was used to explain hole-tunneling ܴܯ phenomena in Ref. 10. 

 

II. THEORY 

A. The tunneling process 
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The analytical model for molecular tunneling to be developed in this work describes a 

molecule in contact with metal contacts at both ends.  The model molecule has two 

distinct single-electron energy levels.  Both levels are two-fold spin-degenerate, and the 

lower level is occupied by one electron of either spin orientation.  We refer to this state as 

the ‘interface state’ and associate its formation and occupation by an unpaired electron 

with the charge transfer that occurs when the molecule bonds with one of the metal 

contacts, e.g. via a thiol-Au bond that enables the SAM to form.  The ‘interface state’ 

energy level therefore lies below the metal contact Fermi energy.12  Tunneling through 

the molecule is enabled by a virtual two-electron state whose energy level lies above the 

metal Fermi energy due to the mutual Coulomb interaction of the two electrons.  This 

energy level depends on the total spin of the two electrons.  As a consequence, the 

tunneling barrier seen by an electron depends on its spin.  A schematic energy level 

diagram for the electron transfer between the two metal contacts is shown in Fig. 1.  

Under bias, an electron arrives at the non-magnetic emitter/molecule interface with 

randomly oriented spin (|՛ۧ or |՝ۧ).  Together with the unpaired localized electron in the 

interface state it forms singlet and triplet states, defined as, |ܵۧ = (|՛՝ۧ − |՝՛ۧ)/√2 , | ଴ܶۧ = (|՛՝ۧ ൅ |՝՛ۧ)/√2 , | ାܶۧ = |՛՛ۧ , |ܶି ۧ = |՝՝ۧ , where the second spin orientation 

symbol always refers to the electron in the interface state.  (The specific example 

depicted in Figure 1 shows the tunneling of an electron based on the virtual intermediate 

state |՛՛ۧ.)  We assume that the spin is conserved during the tunneling process.  Hence, 

non-resonant tunneling is enabled by the virtual occupation of the corresponding two-

electron molecular state, i.e. either singlet or triplet.  
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FIG. 1 Schematic representation of an electron tunneling through the organic molecule.  

For the case shown the spins of the tunneling electron and the unpaired ‘interface state’ 

electron are parallel. (a), (b) and (c) display the energy level diagrams for the initial, 

intermediate (virtual), and final states, respectively.   
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The system comprised of the metal contacts and the molecule is modeled with the 

aid of a one-dimensional chain of interacting localized states,14 as is shown in Fig. 2.  The 

molecule is represented by two sites, L and R, and the left and right metal contacts by 

sites n < 0 and n > 0, respectively. 

 

 

 

FIG. 2 Linear chain model for the molecule (sites L and R) and the metal emitter (n < 0) 

and collector (n > 0) contacts.  Also indicated are the energy levels associated with the 

local orbitals and the different intersite transfer matrix elements. 
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We assume that the parameters are such that non-resonant tunneling at the contact 

metal Fermi energy adequately describes the transport process.  First we explore the 

single-electron and two-electron states of the isolated molecule.  The former are simply 

found by diagonalizing the Hamiltonian: ܪெை = ௅ܿ௅ାܿ௅ߝ ൅ ோܿோାܿோߝ − ெை(ܿ௅ାܿோݐ ൅ ݄ܿ)                                                                    (1) 

where ߝ௅,ோ  represent the energy levels associated with two 

sites; −ݐெை =  ൏ ߰௅|ܪெை|߰ோ ൐ is the transfer matrix element between the two sites, and ߰௅ and ߰ோ represent the spatial wave functions.  Diagonalization yields:  

ି,ெை,ାߝ = ఌಽାఌೃേට∆మାସ௧ಾೀమଶ                                                                                                   (2) 

Here, ∆= ோߝ −  ,௅.  As indicated above, we refer to the lower level as the interface stateߝ

which is occupied by an unpaired electron in equilibrium.  |߰ெିۧ represents that single-

electron state in the molecule: |߰ெିۧ = ܽ௅ି|߰௅ۧ ൅ ܽோି|߰ோۧ                                                                                            (3) 

Next, we calculate the molecular two-electron states.  Since the two electrons are 

in close proximity, their Coulomb interaction is strong and can lead to a large 

singlet/triplet splitting.  To explore this, we consider the spin explicitly and include the 

interaction ݁ଶ/ ቚݎଵሬሬሬሬԦ −  ଶሬሬሬሬԦቚ between electrons 1 and 2, labeled by superscripts.  There areݎ

four single-electron states: |߰௅ۧ|՛ۧ , |߰௅ۧ|՝ۧ , |߰ோۧ|՛ۧ , |߰ோۧ|՝ۧ , hence six two-electron 

states can be formed: 

Singlet states:  |ܵ௅௅ۧ =|ܵோோۧ =|ܵ௅ோۧ =
|߰௅ଵۧ|߰௅ଶۧ|߰ோଵ ۧ|߰ோଶۧଵ√ଶ (|߰௅ଵۧ|߰ோଶۧ ൅ |߰ோଵ ۧ|߰௅ଶۧ)ൢ ଵ√ଶ (|՛ଵۧ|՝ଶۧ − |՝ଵۧ|՛ଶۧ)                                          (4a) 
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Triplet states:  | ାܶۧ =|ܶି ۧ =| ଴ܶۧ =ቑ ଵ√ଶ (|߰௅ଵۧ|߰ோଶۧ − |߰ோଵ ۧ|߰௅ଶۧ) ൞ |՛ଵۧ|՛ଶۧ|՝ଵۧ|՝ଶۧଵ√ଶ (|՛ଵۧ|՝ଶۧ ൅ |՝ଵۧ|՛ଶۧ)                                         (4b) 

The Hamiltonian is not spin-dependent.  Thus, the 6 ൈ 6 Hamiltonian matrix with 

singlet and triplet basis states block diagonalizes into two 3 ൈ 3 blocks as follows. ݈ܵ݅݊݃݁ݔ݅ݎݐܽܯ ݐ |ܵ௅௅ۧ                     |ܵோோۧ                      |ܵ௅ோۧܵۦ௅௅|ܵۦோோ|ܵۦ௅ோ| ൦ ௅ߝ2 ൅ ܷ ܬ ெைݐ−)2√ ൅ ܬ(ܦ ோߝ2 ൅ ܷ ெைݐ−)2√ ൅ ெைݐ−)2√(ܦ ൅ (ܦ ெைݐ−)2√ ൅ (ܦ ௅ߝ ൅ ோߝ ൅ ܥ ൅  ൪                    (5a)ܬ

ݔ݅ݎݐܽܯ ݐ݈݁݌݅ݎܶ | ଴ܶۧ                     | ାܶۧ                      |ܶି ۦۧ ଴ܶ|ۦ ାܶ|ିܶۦ | ൥ߝ௅ ൅ ோߝ ൅ ܥ − ܬ 0 00 ௅ߝ ൅ ோߝ ൅ ܥ − ܬ 00 0 ௅ߝ ൅ ோߝ ൅ ܥ −  ൩                   (5b)ܬ

Here, 

ܷ =൏ ߰௅ଵ߰௅ଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰௅ଵ߰௅ଶ ൐=൏ ߰ோଵ ߰ோଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰ோଵ ߰ோଶ ൐                                             (6a) 

ܥ =൏ ߰௅ଵ߰ோଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰௅ଵ߰ோଶ ൐                                                                                          (6b) 

ܦ =൏ ߰௅ଵ߰௅ଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰௅ଵ߰ோଶ ൐=൏ ߰ோଵ ߰ோଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰௅ଵ߰ோଶ ൐                                             (6c) 

ܬ =൏ ߰௅ଵ߰ோଶ ቤ ௘మቚ௥భሬሬሬሬԦି௥మሬሬሬሬԦቚቤ ߰ோଵ ߰௅ଶ ൐                                                                                           (6d) 

The two expressions for ܷ and ܦ are taken to be equal for simplicity. 
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Obviously, all off-diagonal elements need to be zero in the triplet block, because 

the spin wave functions are orthogonal and there is no contribution from electron transfer.  

The energies for the three triplet states are therefore degenerate:  ்ܧ = ௅ߝ ൅ ோߝ ൅ ܥ −  (7)                                                                                                         ܬ

Diagonalization of the singlet matrix is straightforward but the resulting 

expressions are somewhat complicated and are therefore deferred to the Supplementary 

Information section.  Relatively simple results are obtained for the case ∆= 0; setting ߝ଴ = ௅ߝ =  :ோߝ

ௌ,ଵܧ = ଴ߝ2 ൅ ௎ା஼ାଶ௃ଶ − ට(௎ି஼)మସ ൅ ெைݐ)4 −  ଶ                                                             (8a)(ܦ

ௌ,ଶܧ = ଴ߝ2 ൅ ܷ −  (8b)                                                                                                           ܬ

ௌ,ଷܧ = ଴ߝ2 ൅ ௎ା஼ାଶ௃ଶ ൅ ට(௎ି஼)మସ ൅ ெைݐ)4 −  ଶ                                                             (8c)(ܦ

Because the on-site interaction term, ܷ, can be assumed to be quite large compared 

to all other terms, ܧௌ,ଵ is usually the lowest singlet level.  The spatial parts of the singlet 

wave functions are written as: หܵ(జ)ൿ = ܽ௅௅(జ)|ܵ௅௅ۧ ൅ ܽோோ(జ)|ܵோோۧ ൅ ܽ௅ோ(జ)|ܵ௅ோۧ                                                                       (9) 

Here the superscripts in parenthesis label the three singlet states, i.e. ߭ = 1,2,3  with ߭ = 1 labeling the lowest energy state. 

In nearly all cases the lowest energy singlet level lies beneath the triplet level.  

This is particularly the case when ∆  is non-zero, as will be discussed further in the 

following section. 

Now we consider the left and right metals.  They are modeled by the Hamiltonian:  
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ொܪ = − ∑ ொ(ܿ௡ାܿ௡ାଵݐ ൅ ݄ܿ)ே௡ୀଵ − ∑ ொ(ܿ௡ାܿ௡ିଵݐ ൅ ݄ܿ)ିே௡ୀିଵ  ொ is the transfer matrix element in the metal, ݊ labels the sites of the chain in theݐ− (10)                                    

contact, and ܰ is a large positive integer, as sketched in Fig. 2.  A single electron state 

characterized by wave number ݇ may be written as: |߰௞ۧ = ∑ ܽ௡ேଵ |߰௡ۧ or ∑ ܽ௡ିேିଵ |߰௡ۧ.  
It is readily found that the coefficients for the sites immediately adjacent to the molecule, ܽାଵ and ܽିଵ, are both given by: (1 − ݎ Here  .2ܰ√/(ݎ = ݁ିଶ௜௞௔, a is the lattice constant, ݇ is related to the electron energy by ߝ௞ = ொݐ2−    .and the total number of sites, ܰ, provides the proper normalization ,(ܽ݇)ݏ݋ܿ

The metal contacts are coupled to the organic molecule through a tunneling 

Hamiltonian of the form: ்ܪ = −߬௅(ܿ௅ାܿିଵ ൅ ݄ܿ) − ߬ோ(ܿோାܿଵ ൅ ݄ܿ)                                                                       (11)  −߬௅ (−߬ோ) is the transfer matrix element between the metal site immediately adjacent to 

the molecule on the left (right) side (Fig. 2). 

We describe the tunneling process in second order perturbation theory.  Since the 

virtual, intermediate state |݉ۧ, is a two-electron singlet or triplet state, we also need to 

consider singlet and triplet states formed by the electron in the molecule interface state 

(defined by Eq. (3)) and the electron in the emitting or collecting contact as initial, |݅ۧ, 
and final, |݂ۧ, states: 

There is one possible initial/final singlet state:  |݇, ܵۧ = ଵ√ଶ (ห߰௞ଵۧ|߰ெିଶ ۧ ൅ |߰ெିଵ ۧห߰௞ଶൿ) ଵ√ଶ (|՛ଵۧ|՝ଶۧ − |՝ଵۧ|՛ଶۧ)                                    (12a) 

And three possible initial/final triplet states:  



 11

|݇, ାܶۧ =|݇, ܶି ۧ =|݇, ଴ܶۧ =ቑ ଵ√ଶ (ห߰௞ଵۧ|߰ெିଶ ۧ − |߰ெିଵ ۧห߰௞ଶൿ) ൞ |՛ଵۧ|՛ଶۧ|՝ଵۧ|՝ଶۧଵ√ଶ (|՛ଵۧ|՝ଶۧ ൅ |՝ଵۧ|՛ଶۧ)                             (12b) 

With these wave functions, the following transmission matrix elements are 

obtained in second order perturbation theory for singlet and triplet pairing, denoted by ܵ 

and ܶ subscripts, respectively.  (For the singlet case, we consider only the lowest energy 

singlet state, which yields the lowest tunneling barrier.  Following Eq. (9), that state is 

identified by a superscript (1)). |ܯۃௌۄ|ଶ = ቚۦ௜|ு೅|௠ۧۦ௠|ு೅|௙ۧா೔ିா೘ ቚଶ = |(ଵି௥)|రఛಽమఛೃమ (√ଶ௔ಽಽ(భ)௔ಽషା௔ಽೃ(భ)௔ೃష)మ(√ଶ௔ೃೃ(భ)௔ೃషା௔ಽೃ(భ)௔ಽష)మସேమ(ఌೖାఌಾೀ,షିாೄ,భ)మ         (13a) 

ଶ|ۄ்ܯۃ| = ቚۦ௜|ு೅|௠ۧۦ௠|ு೅|௙ۧா೔ିா೘ ቚଶ = |(ଵି௥)|రఛಽమఛೃమ ௔ಽషమ ௔ೃషమସேమ(ఌೖାఌಾೀ,షିா೅)మ                                                          (13b) ܧ௜  represents the two-particle energy in the initial state, which is ߝ௞ ൅ ି,ெைߝ , if the 

Coulomb interaction between an electron in the metal emitter contact and the electron in 

the molecular interface state is negligible.  For small applied bias tunneling is dominated 

by electrons at the contact Fermi level; hence, ߝ௞ = ிߝ ௠ܧ  .  corresponds to the 

intermediate state: ܧ௠ = ௠ܧ ௌ,ଵ for singlet pairing andܧ =  for triplets.  The effective ்ܧ

tunnel barriers are ܧௌ,ଵ − ି,ெைߝ − ்ܧ ி, andߝ − ି,ெைߝ −  ி, for singlet and triplet pairedߝ

electrons at the Fermi level, respectively.     

The density of states in the contacts is given by ݃(ߝ) = ொଶݐඥ4ߨ/2ܰ −  ଶ , whichߝ

includes the spin degeneracy.  We attribute a quarter of the density of states to the singlet 

and each of the triplet initial and final states.   

The transmission rates per unit energy for electrons at energy ߝ forming singlet and 

the triplet states can therefore be expressed as: 
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ௌܹ = ଶగ԰ (௚(ఌ)ସ )ଶ|ܯۃௌۄ|ଶ = (ସ௧ಾಶమ ିఌమ)ఛಽమఛೃమ (√ଶ௔ಽಽ(భ)௔ಽషା௔ಽೃ(భ)௔ೃష)మ(√ଶ௔ೃೃ(భ)௔ೃషା௔ಽೃ(భ)௔ಽష)మ଼గ԰(ఌାఌಾೀ,షିாೄ,భ)మ௧ಾಶర              (14a) 

்ܹ = ଶగ԰ (௚(ఌ)ସ )ଶ|ۄ்ܯۃ|ଶ = (ସ௧ಾಶమ ିఌమ)ఛಽమఛೃమ ௔ಽషమ ௔ೃషమ଼గ԰(ఌାఌಾೀ,షିா೅)మ௧ಾಶర                                                              (14b) 

 

B. Spin relaxation 

The model constructed in the preceding section essentially defines four parallel 

transmission channels for the four possible spin configurations in the initial state.  Spin 

relaxation can enable transitions between the transmission channels.  This is unlikely to 

occur in the intermediate (virtual) state, i.e. during the tunneling process, because the 

energy difference between the singlet and triplet states is significant.  However, for the 

initial states one electron populates the metal emitter contact and its Coulomb interaction 

with the unpaired electron in the molecular interface state is very weak.  Therefore singlet 

and triplet initial states are nearly degenerate and even relatively weak mechanisms can 

produce transitions between them.  In the real physical system, there are of course a large 

number of initial singlet and triplet states with different spatial wave functions.  In our 

model, this is reduced to the four states of Eq. (12).  Finally, an applied magnetic field 

splits the energy levels of the triplet states and therefore exercises influence on the 

transitions between the transmission channels.  It is important to stress, however, that the 

magnetic field induced splitting is very small, such that the thermodynamic effects are 

entirely negligible.15  In this section we construct a model for the electron ensemble in the 

initial state. 

The system Hamiltonian, ܪ, includes the Zeeman interaction, ܪ௓, which is time-

independent, and a random interaction coupling to the electron spin that fluctuates either 

in time or space, ܪோ.  This interaction models the effects of scattering, which together 
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with spin-orbit coupling can cause spin flips.  It also models the effects of the hyperfine 

interaction on either electron comprising the pair, which also gives rise to spin relaxation.  

Lastly, we allow for a small exchange splitting between the singlet and triplet initial 

states that arises if the exchange interaction between electrons in the contact and 

electrons in the interface states of the molecules is not entirely negligible.  This effect on 

the initial states is modeled by the Hamiltonian ܪ௘௫ .  The energy level diagram 

envisioned for the initial state as a function of the applied magnetic field is shown in Fig. 

3. 

For a particular molecule the two electrons of the initial state are again labeled by 

superscripts.  The Zeeman interaction is written as,   ܪ௓ = ݃ଵߤ஻ݏ௓ଵܤ௓ ൅ ݃ଶߤ஻ݏ௓ଶܤ௓                                                                                        (15) 

where ܤ௓  is the applied magnetic field, ߤ஻  is the Bohr magneton, and ݃ଵ,ଶ  are the g-

factors.  Using ҧ݃ = (݃ଵ ൅ ݃ଶ)/2  and ∆݃ = (݃ଵ − ݃ଶ)/2  we write the interaction as 

follows, ܪ௓ = ഥܪ ൅ ܪ∆ = ௓ଵݏ)஻ߤ ൅ (௓ଶݏ ҧ݃ܤ௓ ൅ ௓ଵݏ)஻ߤ −  ௓                                                 (16)ܤ݃∆(௓ଶݏ

The Hamiltonian for the interaction ܪோ coupling to the electron spins can be written as: ܪோ = ோଵሬሬሬሬԦܤ஻ߤ · ଵሬሬሬԦݏ ൅ ோଶሬሬሬሬԦܤ஻ߤ ·  ଶሬሬሬሬԦ                                                                                            (17)ݏ

We first choose ܪഥ  as the 0th-order Hamiltonian, ܪ଴ , and ܪ௉ = ோܪ  as a perturbation. 

Subsequently, we will include ܪ௘௫ and ∆ܪ into ܪ଴.  
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FIG. 3 Schematic energy level diagrams for the initial singlet and triplet two-electron pair 

states as a function of the applied magnetic field.  (a) Neglecting the small exchange 

splitting, all levels are degenerate at ܤ௓ = 0.  (b) Showing the effect of a small exchange 

splitting, ܧ௘௫.  (c) Including the effect of different g-factors for the two electrons.  Also 

indicated are the allowed spin-relaxation transitions. 

 

A spin density matrix is used to describe the ensemble of non-equilibrium electron 

pairs.  The four-dimensional spin Hilbert space is spanned by the singlet and triplet 

(initial) states.  ܪ଴ is diagonalized, and the energies are sketched in Fig. 3.  The time 

evolution of the density matrix, ߩ, is given by a stochastic Liouville equation:16  ௗఘௗ௧ = ௜԰ ሾߩ, ଴ܪ ൅ ௉ሿܪ ൅ డఘడ௧ቚ௖௥௘ ൅ డఘడ௧ቚ௔௡௡                                                                            (18) 

Here the last two terms describe the creation of initial state electron pairs by the supply of 

electrons from the emitting contact and the annihilation of such pairs by the tunneling 

process, respectively.  (To avoid the introduction of additional parameters, contributions 

to the annihilation term associated with transport away from the metal/molecule interface 

are suppressed). 

Transforming to an interaction picture representation, we define (ݐ)כߩ =݁(௜/԰)ுబ௧(ݐ)ߩ݁ି(௜/԰)ுబ௧ כ௉ܪ , = ݁(௜/԰)ுబ௧ܪ௉݁ି(௜/԰)ுబ௧ , and ߩ଴ = (0)ߩ .  In second order 

iteration, the first term in the right side of   (18) becomes:17 ௜԰ ሾכߩ, ሿכ௉ܪ = ௜԰ ሾߩ଴כ, ሿכ௉ܪ ൅ (௜԰)ଶ ׬ ൣሾߩ଴כ, ,ሿ(ᇱݐ)כ௉ܪ ᇱ௧଴ݐ൧݀(ݐ)כ௉ܪ                                                 (19) 

Noting that fluctuations in and out of the ensemble of electron pairs through the 

last two terms in Eq. (18) randomize the phase of the ensemble averaged density matrix, 
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we can take ߩ଴כ to be diagonal. Furthermore, using |݆ۧ and |݇ۧ to label the eigenstates of ܪ଴ we find for the first term on the right side of Eq. (19): ሾߩ଴כ, ሿ௝௞כ௉ܪ = כ଴௝ߩ)ۧ݇|כ௉ܪ|݆ۦ − כ଴௞ߩ )                                                                                   (20) 

and the diagonal elements vanish. ܪ௉, is taken to vary randomly for the ensemble, and we therefore focus on the 

ensemble averaged diagonal density matrix elements, e.g. כߩ|݆ۦ|݆ۧ = ݆ۧ|ߩ|݆ۦ .17  The 

second term in Eq. (19) yields: ିଵ԰మ ׬ ݆ۧ|଴ߩ|݆ۦ ∑ ௝௞(߬)݁௜(ாೕିாೖ)ఛ/԰௞ܩ ݀߬௧ି௧ ൅ ଵ԰మ ׬ ∑ ௞௝(߬)݁ି௜(ாೕିாೖ)ఛ/԰௞ܩۧ݇|଴ߩ|݇ۦ ݀߬௧ି௧       (21) 

Here, the energy of state |݆ۧ is expressed as ܧ௝ and the time correlation function, ܩ௝௞(߬) ݐ)௉ܪ|݇ۦۧ݇|(ݐ)௉ܪ|ଔۦ= ൅ ߬)|ଔۧതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതതത, depends only on the time difference, ߬. 

The matrix elements of ܪ௉  are non-zero only for ܵ߂௓ = 0, േ1.  In addition, all ܩ௝௞(߬) originate from ܪோ and are proportional to (ܤோ)ଶതതതതതതതത = ଶതതതതതതത(ோଵܤ)ൣ ൅  ,ଶതതതതതതത൧/12.  Finally(ோଶܤ)

the correlation functions are symmetric around ߬ = 0 and decrease rapidly to zero as |߬| 
increases because the electrons in the emitting metal contact are mobile and nuclear spins 

may fluctuate randomly.  Using ߬଴ to describe a relevant time scale for dephasing of the 

electron spins, we consider the following simple form:  ܩ௱ௌೋୀ଴,േଵ(߬) = ݁ି|ఛ| ఛబ⁄ ஻ଶߤ  ோଶതതതത                                                                                           (22)ܤ

Eq. (22) clearly constitutes only a simple approximation to a complex problem of 

perhaps multiple interactions that can contribute to spin relaxation.  Other forms of the 

correlation function have been considered.18-20 

The Fourier transform of the correlation function, given by ܬ௝௞(߱) = ׬ ௝௞(߬)ஶିஶܩ ݁೔ഘഓ԰ /԰ଶ݀߬ ן ߬/(1 ൅ (߱߬)ଶ) for ߱ = ௞ܧ) −  ௝)/԰, then yields theܧ

transition rate between states |݆ۧ and |݇ۧ.  The effect of the applied magnetic field enters 
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through the Zeeman energy difference, expressed through ܤ௓തതതത = ҧ݃ܤ௓.  Taking ܪ଴ to be 

either ܪഥ or ܪഥ ൅ ,݇| :௘௫, the relevant eigenstates are those of Eq. (12)ܪ ܵۧ, |݇, ଴ܶۧ, |݇, ାܶۧ, 
and |݇, ܶି ۧ.  The transition rates are written as: 

,ௌܬ  బ் = ଴ܬ ଵଵା(ಳ೐ೣಳ಴ )మ                                                                                                            (23a) 

,ௌܬ േ் = ଴ܬ ଵଵା(ಳೋטಳ೐ೣಳ಴ )మ                                                                                                       (23b) 

ܬ బ், േ் = ଴ܬ ଵଵା(ಳೋಳ಴)మ                                                                                                            (23c) 

Here ܬ଴ = 2߬଴ߤ஻ଶ ோଶതതതത/԰ଶܤ ஼ܤ ; = ԰/߬଴ ҧ݃ߤ஻  and ܤ௘௫ = /௘௫ܧ ҧ݃ߤ஻ , as it is convenient to 

express these energies in magnetic field units.  

In Eq. (18), ߲ݐ߲/ߩ|௖௥௘ is the formation rate of electron pairs in the initial state of 

the tunneling process.  The pair annihilation rare, ߲ݐ߲/ߩ|௔௡௡ , corresponds to the 

tunneling process and it is expressed in terms of kinetic coefficients ܭௌ and ்ܭ for the 

singlet and the triplet states, respectively, and the probabilities of the corresponding 

initial states being occupied as given by the diagonal elements of the density matrix.  ܭௌ 

and ்ܭ are proportional to ௌܹ(ߝி) and ்ܹ(ߝி), respectively.  The time evolution of the 

diagonal elements of the density matrix then takes on the form of a master equation:  ௗۦ௝|ఘ|௝ۧௗ௧ = డۦ௝|ఘ|௝ۧడ௧ ቚ௖௥௘ − ݆ۧ|ߩ|݆ۦ௝ܭ − ݆ۧ|ߩ|݆ۦ ∑ ௝௞௞ܬ ൅ ∑ ௞௝௞ܬۧ݇|ߩ|݇ۦ                                   (24) 

In the following, we define ݊ߜௌ = ۧܵ|଴ߩ|ܵۦ݊ߜ ݊ߜ , బ் = ۦ݊ߜ ଴ܶ|ߩ଴| ଴ܶۧ ା்݊ߜ , ۦ݊ߜ= ାܶ|ߩ଴| ାܶۧ, ି்݊ߜ = ିܶۦ݊ߜ ିܶ|଴ߩ| ۧ.  Evidently, by normalization of the density matrix, ݊ߜ = ௌ݊ߜ ൅ ݊ߜ బ் ൅ ା்݊ߜ ൅  For a non-magnetic contact, electrons arrive at the  .ି்݊ߜ

metal/molecule interface without spin polarization.  Consequently, all four pair states are 
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populated with equal rates.  With the pair creation rate denoted by ܨ , one obtains 

explicitly for the steady state: 0 = ܨ − ௌ݊ߜௌܭ − ௌܬ బ்݊ߜௌ − ௌܬ శ்݊ߜௌ − ௌܬ ష்݊ߜௌ ൅ ௌܬ బ்݊ߜ బ் ൅ ௌܬ శ்݊ߜ శ் ൅ ௌܬ ష்݊ߜ ష்   (25a) 0 = ܨ − ݊ߜ்ܭ బ் − ௌܬ బ்݊ߜ బ் − ܬ బ் శ்݊ߜ బ் − ܬ బ் ష்݊ߜ బ் ൅ ௌܬ బ்݊ߜௌ ൅ ܬ బ் శ்݊ߜ శ் ൅ ܬ బ் ష்݊ߜ ష்                

(25b) 0 = ܨ − ݊ߜ்ܭ శ் − ௌܬ శ்݊ߜ శ் − ܬ బ் శ்݊ߜ శ் ൅ ௌܬ శ்݊ߜௌ ൅ ܬ బ் శ்݊ߜ బ்                                (25c) 0 = ܨ − ݊ߜ்ܭ ష் − ௌܬ ష்݊ߜ ష் − ܬ బ் ష்݊ߜ ష் ൅ ௌܬ ష்݊ߜௌ ൅ ܬ బ் ష்݊ߜ బ்                                (25d) 

The tunneling current is simply given by ܫ = ௌ݊ߜௌܭ݁ ൅ ݊ߜ൫்ܭ݁ బ் ൅ ା்݊ߜ ൅ܨ4=−ܶ݊ߜ.  The voltage drop across the molecules, on the other hand, is proportional to 

the number of accumulated electrons, i.e. proportional to ݊ߜ  , and it depends on the 

applied magnetic field ܤ௓.  Consequently the resistance, which is proportional to ݊ߜ ⁄ܫ , 

also depends on the magnetic field, but it is independent of F.  The relative magneto-

resistance may be defined as: ܴܯ(ܤ௓) = ߜ)ൣ ݊ ⁄ܫ )஻ೋ − ߜ) ݊ ⁄ܫ )஻ೋୀ଴൧/(݊ߜ ⁄ܫ )஻ೋୀ଴                                                      (26) 

 Adding the term ∆ܪ defined in Eq. (16) to ܪ଴ introduces mixing of the states |݇, ܵۧ 
and |݇, ଴ܶۧ  and modifies the energy levels as shown schematically in Fig. 3c.  The 

eigenfunctions of this modified  ܪ଴ are labelled: |݇, ൅ۧ, |݇, −ۧ, |݇, ାܶۧ, and |݇, ܶି ۧ.  The 

last two are unaffected by ∆ܪ, as are their energy levels.  The first two are given by: |݇, ൅ۧ = ,݇|ௌାܣ ܵۧ ൅ ܣ బ்ା |݇, ଴ܶۧ                                                                                        (27a) |݇, −ۧ = ௌିܣ |݇, ܵۧ ൅ ܣ బି்|݇, ଴ܶۧ                                                                                       (27b) 

ௌേܣ = ௚ത஻േ/∆௚஻ೋඥଵା(௚ത஻േ/∆௚஻ೋ)మ                                                                                                       (28a) 
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ܣ బ்േ = ଵඥଵା(௚ത஻േ/∆௚஻ೋ)మ                                                                                                                  (28b) 
Here, ܤേ = /േܧ ҧ݃ߤ஻ and the energy levels are given by: 

േܧ = ௚തఓಳ஻೐ೣଶ േ ට(௚തఓಳ஻೐ೣ)మସ ൅  ଶ                                                                                  (29)(௓ܤ஻ߤ݃∆)
The transition rates are affected by these modifications and acquire the following forms: ܬା,ି = ܣௌାܣ)଴ܬ బି் ൅ ௌିܣ ܣ బ்ା )ଶ ଵଵା(ಳశషಳషಳ಴ )మ                                                                                   (30a)  
,ାܬ േ் = ଴ܬ ଵଵା(ಳశטಳೋಳ಴ )మ                                                                                                                     (30b) 
ܬି , േ் = ଴ܬ ଵଵା(ಳషטಳೋಳ಴ )మ                                                                                                                     (30c) 

III. RESULTS AND DISCUSSION  

To estimate the ܴܯ expected from the model constructed, a discussion of suitable 

parameters is required.  Beginning with the Coulomb terms we note that if the local 

spatial wave functions are taken to be s-orbitals, ߰௅(ݎԦ) ן exp (−ݎ|ߚԦ ൅ (|ො௫݀/2ݑ  and ߰ோ(ݎԦ) ן exp (−ݎ|ߚԦ − ො௫݀/2|), whereݑ  ݀  is the distance between the two sites in the 

molecule (1/ߚ ൏ ݀), all Coulomb terms are positive. Furthermore, we may use ܥ଴ =݁ଶ/݀ as the scale parameter and write ܷ ൎ ܥ ,଴ܥߛ ൎ ܦ ,଴ܥ ൎ ܬ ଴ andܥߙ ൎ ߙ ଴, whereܥଶߙ ൎ ݁ିఉௗ ൏ 1 and ߛ ൐ 1.  Under these conditions ܧௌଵ is significantly less than ܧௌଶ and ܧௌଷ, hence the ܧௌଵ level dominates the singlet tunneling process.  Furthermore, ܧௌଵ ൏  ்ܧ

unless 2(ܷ − ܬ(ܥ ൅ ଶܬ4 ൐ ெைݐ)4 − ଶ(ܦ .  Allowing for non-zero ∆  makes it more 

difficult to achieve a situation in which the triplet energy level is below the lowest singlet 

level.  Example parameters are listed in TABLE I and II. 
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TABLE I. Example parameters for the intramolecular Coulomb interaction, the 

transfer matrix element within the molecule, the transfer matrix element within the metal 

contacts, and the transfer matrix elements between the contacts and the molecule.  The 

upper line shows the Coulomb energies normalized by the intramolecular or transfer 

matrix element and the molecule-metal coupling matrix element normalized by the metal 

transfer matrix element. 

ࡱ 0.1 0.1 2  1 0.04 0.2 1 5 (ࢂࢋ) ࡱ ொݐ/# 0.05 0.05 1  1 0.04 0.2 1 5 ࡻࡹ࢚/#  ࡾ࣎ ࡸ࣎ ࡱࡹ࢚  ࡻࡹ࢚ ࡶ ࡰ ࡯ ࢁ   (ࢂࢋ)

         

TABLE II. Alternative set of model parameters with a significantly smaller 

intramolecular transfer matrix element.  All other parameters are the same as those of 

TABLE I. 

ࡱ 0.1 0.1 2  0.1 0.04 0.2 1 5 (ࢂࢋ) ࡱ ொݐ/# 0.05 0.05 1  1 0.4 2 10 50 ࡻࡹ࢚/#  ࡾ࣎ ࡸ࣎ ࡱࡹ࢚  ࡻࡹ࢚ ࡶ ࡰ ࡯ ࢁ   (ࢂࢋ)
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In Fig. 4, the transmission rates ௌܹ and ்ܹ are graphed as functions of the electron 

energy, ߝ, varying over the metal bandwidth (−2ݐொ ൏ ߝ ൏  ொ).  The mean energy ofݐ2

the left and right site single-electron energy levels in the molecule, ߝҧ = ௅ߝ) ൅  ோ)/2, isߝ

set to zero.  The energy splitting caused by the magnetic field is negligibly small 

compared to the Coulomb interaction.  The dashed line represents ߝெை,ି.  ߝி  must be 

greater than ߝெை,ି, otherwise the interface state is unoccupied and no unpaired electron 

exists.  In addition, ߝி needs to be smaller than the resonance level ܧௌ,ଵ,் −  ெை,ି, elseߝ

that state would be occupied by two electrons and could not facilitate tunneling.  (In 

addition, the transmission resonance exceeds the range of validity of the perturbation 

theory treatment used).   For the parameters in TABLE I, a large ݐெை is used, which leads 

to a significant splitting between ߝெை,ି and ߝெை,ା.  The energy for the singlet state ܧௌ,ଵ, is 

always lower than that of the triplet state ்ܧ, Fig. 4 (a) and (b).  However, for small ݐெைvalues, as in TABLE II, ܧௌ,ଵ is greater than ்ܧ if ∆ is small (Fig. 4 (c)).  For large ∆ 

values ܧௌ,ଵ is again lower than ்ܧ (Fig 4 (d)).  We also note that for large ∆ values (Fig. 4 

(b) and (d)), the singlet linear combination of local orbital states is more favorable for 

electron transmission than the triplet combination. This provides additional enhancement 

of ௌܹ relative to ்ܹ in the energy range of interest, ߝெை,ି ൏ ߝ ൏ ௌ,ଵܧ −   .ି,ெைߝ
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FIG. 4 Transmission rates for singlet (red) and triplet (black) states plotted as functions of ߝ  with (a) ∆= 0 , (b) ∆= ெைݐ5 = 5ܸ݁ , (c) ∆= 0 , and (d) ∆= ெைݐ50 = 5ܸ݁ .  The 

parameters for (a) and (b) are in TABLE I.  The parameters for (c) and (d) are in TABLE 

II.  The dashed lines indicate ߝெை,ି.  

 

 The key result of this model is that, with tunnel barriers on the order of 1eV, ratios ௌܹ/ ்ܹ = ்ܭ/ௌܭ  greater than 10 are readily obtained, but ratios less than 1 are also 

possible for certain parameter values.  

To explore the magneto-resistance associated with tunneling of electrons through 

the molecule, we normalize Eq. (25a-d) by ܬ଴ and define ݇ௌ = ்݇ ,଴ܬ/ௌܭ =  ଴.  Theܬ/்ܭ

magnetic field scales are given by (ܤோଶതതതത)ଵ/ଶ and by ܤ஼.  As these quantities are associated 

with the rather weak interactions that cause spin relaxation, we estimate them to be on the 

order of 1~100݉ܶ.  

Fig. 5 shows ܴܯ as a function of the ratio of ݇ௌ/்݇ and the applied magnetic field.  

In Fig. 5 (a) both ܤ௘௫ and ∆݃ are taken to be zero, i.e.  ܪ଴ =  ௓ increasing andܤ ഥ.  Withܪ

the ratio of ݇ௌ/்݇  deviating from 1, transitions |ܵۧ ֐ ห േܶൿ  and | ଴ܶۧ ֐ ห േܶൿ  are 

increasingly suppressed, and the overall transmission decreases.  Hence, for fixed current, 

more electrons accumulate at the interface between the emitting contact and the SAM of 

molecules leading to positive ܴܯ.   

Considering now a case of non-zero exchange splitting between the initial singlet 

and triplet states, i.e. ܪ଴ = ഥܪ ൅ | ௘௫ leads to degeneracy of the |ܵۧ andܤ ௓ value equal toܤ ௘௫, aܪ ାܶۧ states, as shown in Fig. 3 (b), and therefore enables rapid electron transfer 

between these states.  Consequently, negative ܴܯ  is achieved in this field range if  
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݇ௌ/்݇ ് 1.  Finally, positive ܴܯ again results for large magnetic fields if ݇ௌ ا ்݇.  This 

is depicted in Fig. 5 (b).  

Fig. 5 (c) shows the effects of a difference in g-factors of the two electrons in the 

initial state.  Regarding an estimate for ∆݃ we note that the g-factor for gold conduction 

electrons is about 2.221 while the g-factor for organic molecules consisting of only light 

atoms is usually taken to be equal to 2.22  Hence, we use ∆݃ = 0.1 for the example results.  

This introduces a new phenomenon. When the applied magnetic field is sufficiently large 

the coupling between the |݇, ܵۧ and |݇, ଴ܶۧ states induced by ∆ܤ)ܪ௭ ب  ௘௫) maximizesܤ

the transmission effectiveness of these two channels and therefore reduces the resistance, 

yielding negative ܴܯ.  
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FIG. 5 MR as a function of the applied magnetic field and ݇ௌ/்݇, with (a) ܤ௘௫/ܤ஼ = 0, ∆݃ = 0, ்݇ = 0.5; (b) ܤ௘௫/ܤ஼ = 5, ∆݃ = 0, ்݇ = 0.5 and (c) ܤ௘௫/ܤ஼ = 5, ∆݃ = 0.1, ்݇ = 0.5. 

 

Finally, the calculated ܴܯ(ܤ௓) is plotted for ∆݃ = 0 and ∆݃ = 0.1 and different ܤ௘௫ values in Fig. 6 (a) and (b).  In general, a magnetic field tends to separate the energy 

levels of the initial state, therefore inhibiting transitions and leading to positive ܴܯ .  

Furthermore, an energy splitting between |ܵۧ and | ଴ܶۧ states (ܤ௘௫), reduces the transition 

rates between singlet and all triplet states for ܤ௓ = 0. If ܤ௘௫ is large, all transition rates 

are small compared to the tunneling rates.  The transition rate ܬௌ, శ் , however, reaches a 

maximum for ܤ௓ =  in that ,ܴܯ ௘௫, resulting in a decrease of the resistance, i.e. negativeܤ

field range.  This is evident in both Fig 6 (a) and (b).  Fig. 6 (b) includes the effects of 

non-zero ∆݃ on ܴܯ. The new feature of negative ܴܯ appearing here at low magnetic 

fields for the case of small ܤ௘௫ is again due to the mixing of the |݇, ܵۧ and |݇, ଴ܶۧ states 

induced by ∆ܪ(ܤ௭) , which maximizes the transmission effectiveness of these two 

channels and therefore reduces the resistance. 

Evidently, ܴܯ(ܤ௓) approaches constant values for large magnetic fields.  These 

values depend on ݇ௌ , ்݇,  and ܤ௘௫  and ∆݃ .  The general expressions are rather 

complicated and therefore shown only in the Supplementary Information to this paper.  

However, two simple limiting cases are worth presenting here.  If  ܤ௘௫/ܤ஼ ب 1 and ∆݃ = 0, one readily finds that ܴܯ = 0 for ܤ௓/ܤ஼ ب 1.  On the other hand, ܤ௘௫/ܤ஼ ب 1 

and ∆݃ ് 0 , yields ܴܯ = −(݇௧ − ݇௦)ଶ/(݇௧ ൅ ݇௦)(݇௧ ൅ 3݇௦)  for ܤ௓/ܤ஼ ب 1 .  These 

results are also seen in Figs. 6 (a) and (b).  It should be noted, however, that the limit ܤ௘௫/ܤ஼ ب 1 is meaningful only if ܤ஼  is small so the exchange splitting of the initial 
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states is still negligible on the scale of the thermal energy and equal creation rates for 

singlet and triplet initial pairs is still a valid assumption.  
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FIG. 6 (a) ܴܯ(ܤ௓)  for ܤ௘௫/ܤ஼ = 0 , 1 , 2 , 5 , 10 .  ∆݃ = 0 , ݇ௌ = 5  and ்݇ = 0.5  (b) ܴܯ(ܤ௓) for ܤ௘௫/ܤ஼ = 0.01, 1, 2, 5, 10.  ∆݃ = 0.1, ݇ௌ = 5 and ்݇ = 0.5. 

 

IV. SUMMARY AND CONCLUSIONS 

We have presented an analytical model for charge carrier transmission through 

organic molecular tunnel junctions with non-magnetic electrodes.  The Coulomb 

interaction between the tunneling electron and an unpaired electron populating an 

interface state leads to significant differences in the transmission barriers for singlet and 

triplet states.   Consequently, the transmission probability of an electron in the emitter 

contact depends on its spin, i.e. on its population of a singlet or triplet initial state with 

the unpaired interface state electron.  These different pairings constitute separate 

transmission channels.  For a wide range of plausible parameters we find that the 

transmission probability of the singlet channel exceeds that of the triplet channel. 

Spin relaxation through relatively weak interactions of the electrons with their 

environment can enable transitions between the singlet and triplet transmission channels 

in the initial state for which the electron-electron interaction is weak and singlet and 

triplet energies are nearly equal.  A small applied magnetic field can lift this degeneracy 

through the Zeeman interaction and therefore suppress the transitions between 

singlet/triplet channels, giving rise to strong magneto-resistance.  In the simplest cases 

the magneto-resistance is positive.  This agrees with the experimental data reported in 

Ref. 10, and we consider it to be the baseline result of our model.  However, we also find 

that a small exchange splitting of the initial state energy levels and a difference in the g-

factors of the electrons forming the initial state pairs can result in negative magneto-

resistance over certain field ranges. 
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In the model examples discussed here we considered only relatively simple cases.  

Specifically, both contacts were modeled identically and the transfer matrix elements 

between the molecule and the emitting and collecting contacts were taken to be the same.  

Real systems explored experimentally may differ.  For example, in Ref. 10 several 

different oligophenylene thiol molecules were investigated.  The molecules formed 

SAMs on gold and were in turn contacted by a gold atomic force microscopy probe.  

Zero-bias magneto-resistance on the order of 30% was observed for magnetic fields of 

only 0.1T at room temperature.  It was furthermore found that oligophenylenes of 

different length yielded the exponential length dependence expected for non-resonant 

tunneling, but the relative magneto-resistance was approximately the same.  The results 

of the model discussed here are consistent with this finding, allowing for the 

generalization that one of the transfer matrix elements, e.g. ߬ோ, includes the tunneling 

process through most of the molecule, with exception of the thiolated end.  ߬ோ  then 

depends exponentially on the length of the molecule and can cancel out in the result for 

the relative magneto-resistance, as was discussed in Ref. 10.      
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