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Abstract 

 

 Organic semiconductor devices have attracted many scientists’ interests due to 

their flexibility, low cost, ease of fabrication, and especially the significant advantage of 

long spin relaxation time, which open up realms of applications in spintronic devices.  In 

addition, ionic liquids have drawn attention due to their suitability for high capacitance 

organic field effect transistors.  Theoretical work aims at better understanding the 

physical mechanisms as well as providing guidance for future device design and 

development.  In this dissertation, device theories, models, and calculations for various 

types of organic spintronic devices and organic field effect transistors are developed and 

presented.   

The first spintronic device we researched was a spin valve with a bulk layer of 

organic semiconductor sandwiched between ferromagnetic contacts.  A device model for 

tunnel injection and extraction of spin-polarized charge carriers between ferromagnetic 

contacts and organic semiconductors with disordered molecular states is presented.  

Transition rates for tunneling are calculated based on a transfer Hamiltonian.  Transport 

in the bulk semiconductor is described by macroscopic device equations.  Tunneling 

predominantly involves organic molecular levels near the metal Fermi energy, and 

therefore typically in the tail of the band that supports carrier transport in the 

semiconductor.  Disorder-induced broadening of the relevant band plays a critical role for 

the injection and extraction of charge carriers and for the resulting magneto-resistance of 

an organic semiconductor spin valve.  
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Separate from the traditional spin valve, a large room-temperature magneto-

resistance is also observed for devices composed of self-assembled monolayers of 

different oligophenylene thiols sandwiched between gold contacts.  The transport 

mechanism through the organic molecules was determined to be nonresonant 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.   

Based on the above model of non-magnetic metal/molecule/non-magnetic metal 

(M/molecule/M), we further investigate a spintronic junction with ferromagnetic 

metal/molecule/ferromagnetic metal (FM/molecule/FM) structure.  The transmission 

probability of an electron in the emitter contact depends on its spin, i.e. on its population 

of the four initial states formed with the unpaired interface state electron, and on the 

parallel or anti-parallel polarization of the two contacts.  Four transport channels exist for 

both parallel and anti-parallel polarization of the contacts.  However these channels do 
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not correspond simply to singlet and triplet configurations, which makes the transport 

process more complicated.  Spin relaxation enables transitions between the four different 

states and competes with the transmission rate to control the magnetoresistace. The 

FM/molecule/FM structure is compared with the simple Julliere model that does not 

include any interaction between electrons.  When the incident and extracted electrons 

have the same spin direction and the transmission rates are the same for all channels, our 

new model reverts to a single particle model, which addresses the same physical 

mechanism as the Julliere model.   

 Although ionic liquids (ILs) have been used extensively in recent years as high-

capacitance “dielectrics” in electric double layer organic field effect transistors to 

substitute for the conventional gate dielectrics, the dynamics of the double layer 

formation have remained relatively unexplored.  In this dissertation, we explore the 

dynamical characteristics of an IL in a metal/ionic liquid/metal (M/IL/M) capacitor.  An 

equivalent circuit model is developed to explain the experimental results of impedance vs 

frequency data and the model is subsequently verified by calculating the current vs 

voltage characteristics for the applied potential profiles.  The data analysis indicates that 

the dynamics of the structure are characterized by a wide distribution of relaxation times 

spanning the range of less than microseconds to longer than seconds.  Possible causes for 

these time scales are discussed.  
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Chapter 1 Introduction 

 

 

1.1 Literature review 

 

Since the first observation of electrical conductivity in polyacetylene by Alan 

Heeger’s group in 1977, organic electronics has attracted much attention.1  The charge 

transport mechanism as one of the most important semiconductor charaterstics is 

different in organic semiconductors from that in conventional inorganic materials.2,3  

From a microscopic point of view, the charge carriers in conventional semiconductors, 

such as Si, GaAs, etc. move in the bands of periodic atomic lattice.  On the contrary, in 

many organic semiconductors, carriers are localized and hop from one site to the other.  

Thus, the macroscopic mobility of organic semiconductors exhibits different dependences 

from inorganic semiconductors on the applied electric field and the temperature.4-7  

Moreover, organic semiconductors usually have a larger band gap and smaller band 

widths, which leads to a low mobility.8   

Exploiting the organics’ distinct physical features, 9-11 the science and technology 

in this area have grown tremendously in the past couples of decades both in industry and 

academia.12-15  Applications have been developed, such as organic light-emitting diodes 

(OLEDs),16-18 organic photovoltaic cells (OPCs),19-21 and organic field effect transistors 

(OFETs) for flexible electronics.22-24  Even though more efforts are still needed to 

improve the performances of these new kinds of devices, this cannot shade their 
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significant advantages over traditional technologies, which may open a new era and 

affect daily life in the near future.   

FIG. 1.1 (a) shows a television made from organic light-emitting devices.  In 

contrast to the mainstream LCD technologies requiring a background light source, an 

OLED generates light by itself.  Therefore displays using OLED technology are 

essentially brighter and have more vivid color.  Another advantage of OLEDs comes 

from the fact that organic materials are generally very soft and flexible, which facilitates 

large-area and curved displays.  It gives a more natural view for human eyes.   

FIG 1.1 (b) shows organic photovoltaic cells, which convert solar radiation to 

electricity and could be a solution to the energy crisis.  Although the efficiency of organic 

photovoltaic cells is low compared with conventional photovoltaic cells, their relative 

ease of fabrication and low cost promise a prospective market.   

Field effect transistors are the foundation of many electronic circuits.  With the 

introducation of organic semiconductors and their advantages, OFETs are found to be a 

good choice for the wide range of organic materials.  Thus, even though the speed of 

OFET-based circuits is low (limited by the mobility in organic materials), they are still 

promising for applications that do not require fast switching rates, such as flexible 

electronics and bio-compatible devices as shown in FIG. 1.2. 



 
 

3 

 

FIG. 1.1. (a) OLED TV (LG Corporation). (b) Organic photovoltaic cells (Heliatek Corporation). 
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FIG. 1.2. (a) Flexible electronics (Cover illustration of "Advanced Materials" 

(10.1002/adma.201570148)) (b) Bio-sensor (PHYS ORG) 

 

A schematic device structure of a laboratory OFET is shown in FIG. 1.3.25  The 

device is similar to a conventional MOSFET with gate, source, and drain terminals.  

While applying a gate voltage a channel is formed, but there are several differences: 1) 

the structure of an OFET can either be a “top-gated” or “bottom-gated”.  Top-gated is 
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similar to a conventional MOSFET but bottom-gated is more common, where the gate 

contact is usually deposited on the substrate at the bottom while the organic 

semiconductor forming a conduction channel is on top at the interface between organic 

semiconductor and insulator (here an ionic liquid works as the gate insulator layer and 

rubrene works as the active semiconductor).  2) In conventional MOSFETs the gate 

dielectric is usually a thin layer such as SiO2 or a high k material, while in OFETs the 

dielectric is typically of much larger thickness and consists of materials such as 

conventional insulators or ionic liquids, as shown in FIG. 1.3.  The operating mechanism 

of OFETs and conventional MOSFETs has similarity.  They both use a gate voltage to 

control the conduction channel between the source and drain terminals, but there is 

typically no ‘inversion layer’ in OFETs as organic semiconductors are generally 

undoped.  Taking the ionic liquid device as an example, when applying a gate voltage 

positive (or negative) charges accumulate at the interface to the semiconductor inducing 

mobile electrons (or holes). 

 

FIG. 1.3. Schematic device structure of typical OFETs.  Rubrene and ionic liquid serves as 

semiconductor and insulator layer, respectively. 
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Organic semiconductors also may have distinct advantages over conventional 

semiconductors for spintronic devices due to their relatively long spin coherence times 

associated with the relatively low spin-orbit and hyperfine interactions.  In addition, their 

suitability for integration with a wide range of materials, such as ferromagnetic metals 

and half-metals is a promising aspect for organic spintronics.26-30  

Spintronics31,32 refers to spin-based electronics in which the information is stored 

and manipulated with the carriers’ spin polarization rather than the charge.  This offers 

opportunities for a new generation of devices combining standard microelectronics with 

spin-dependent effects that arise from the interaction between the spin of the carrier and 

the properties of the material.  The advantages of these new devices may include 

increased data processing speed, decreased electric power consumption, and enhanced 

integration densities compared with traditional semiconductor devices.  Besides, 

spintronic device do not need an electric current to retain their "spin", which means, for 

example, that MRAM is a non-volatile memory, like FLASH, and its performance is 

more "reliable", since such devices will operate better at high temperature and under 

radiation than MOS FETs whose mobility, threshold voltage, etc, have strong 

dependences on the environment.   

Major challenges in this field, which are addressed by experimental and 

theoretical research, include the optimization of electron spin lifetime, the detection of 

spin coherence in nanoscale structures, and transport of spin-polarized carriers across 

relevant length scales and heterointerfaces.  The completion of these ventures depends on 

a deeper understanding of fundamental spin interactions in solid-state materials as well as 
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the roles of dimensionality, defects, and semiconductor band structure in modifying the 

dynamics.   

Undoubtly organic electronics is an interdisciplinary field.  Researchers from 

chemistry, physics, and electrical engineering have all made great contributions.  Besides 

the physics of the devices, the foundation of organic electronics rests on the molecule 

design and synthesis.20,33-36  To build a good device, organic molecules are required not 

only to support charge transport, but also to exhibit other desired physical and chemical 

properties.  Both polymers and small organic molecules may be suitable for certain 

devices.  Most of them rely on delocalized π-bonds for charge transport.  Some examples 

of benchmark molecules are Tris(8-hydroxyquinolinato)aluminium (Alq3),37 

fullerene,38,39 rubrene,40 and polyphenylene vinylene (PPV),41 shown in FIG. 1.4.  In 

order to build a functional device, different materials must be combined in a suitable 

configuration.  
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FIG. 1.4. Molecular structure of (a) Alq3 and (b) rubrene. 

 

 

1.2 Objective of the work and organization of the thesis 

 

The objective of this thesis is to provide contributions to the organic electronics 

community from a theoretical point of view.  By developing various models we not only 

arrive at a better and deeper understanding of the device physics, but also provide 

reasonable options to improve the device performance. 
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            Since much experimental work on bulk organic spin valves has been presented, 

the importance of corresponding theoretical research cannot be underestimated. Therefore 

we aim at developing one unified device model that can describe devices with different 

kinds of organic semiconductors and ferromagnetic contacts.  In the model discussed in 

chapter 2, we aim at combining the complicated microscopic processes at the interfaces 

between the contacts and the semiconductor for carrier injection with bulk transport.  

Subsequently, by using the model and choosing appropriate kinetic parameters for the 

microscopic processes, we study detailed properties of the devices simulating the spin 

injection process, and we investigate the physics determining the device efficiency.  

Example results for spin current and magneto-resistance vs. density of states in the 

organic semiconductor and applied electric field are presented.  Key results of this 

chapter have been published in Journal of Applied Physics.42   

In chapter 3, we discuss theoretical work on the magneto-resistance of organic 

molecular tunnel junctions with nonmagnetic electrodes.  Recent experiments have 

shown that large room-temperature magneto-resistance can be observed for devices 

composed of self-assembled monolayers of different oligophenylene thiols sandwiched 

between gold contacts.  We aim at developing an analytical theory describing the device 

physics.  The effects of Coulomb interactions, Zeeman interactions, and different types of 

spin correlation functions on the electron transport in the device are shown.  Results of 

this have been published in Physical Review B and ACS Nano.43,44  Then multi-site 

molecule model is proposed to investigate details of the electron tunneling process. 
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            In chapter 4, we continue the work in chapter 3, but develop the model further by 

introducing magnetic electrodes.  The work is focused on what state the incident electron 

and unpaired electron at the molecule interface form, how the initial states selects the 

tunneling channels, and how this affects the transmission rates. We explore the 

dependence of the magneto-resistance on the spin polarization of the contacts, the spin 

relaxation rate in the metal and the molecular energy levels. 

 Chapter 5 focuses on the analysis of ionic liquid characteristics, which is 

motivated by their employment as the dielectric layer in OFETs between the gate and the 

conduction channel.  The formation of double layers of ionic liquid charge carriers results 

in the relatively large capacitances, enhancing the channel carrier density while reducing 

the operating voltage.  The dynamics of the ionic liquid and the properties of the device 

are explained by an equivalent circuit model.  Selected results have been published in 

Applied Materials and Interfaces, Applied Physics Letters, and Advanced Materials.45-47 

 In chapter 6 we summarize the thesis and give some suggestions for future work.   
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Chapter 2 Device model for bulk organic spin valves 

 

 

2.1 Introduction 

 

As discussed in chapter 1, quite generally, spin-polarized injection of charge 

carriers from a ferromagnetic contact into a non-magnetic semiconductor is a critical 

phenomenon for spintronic devices.  It was realized early that the large conductivity 

mismatch between ferromagnetic metals and semiconductors implies that effective spin 

injection requires a spin-dependent process such as tunneling.  The criteria for achieving 

effective spin injection are quite different from those that optimize charge injection, i.e. 

that facilitate a large charge current between metal contacts and semiconductors.48,49  

Much experimental and theoretical work has been done since then.50-53  Because the 

conductivity of organic semiconductors tends to be rather low, spin injection into these 

materials is arguably even more challenging than for inorganic semiconductors.54  

However, spin-polarized injection of charge carriers from ferromagnetic contacts into 

organic semiconductors has been demonstrated successfully.55-63 

The interfaces between metal contacts and organic semiconductors are of crucial 

importance for the injection and extraction of mobile charge (and spin) carriers.  

Significant research, for example focusing on interfacial dipoles, was carried out even 

prior to the current interest in spin-polarized injection and extraction.64,65  For the
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operation of organic spintronic devices that rely on a tunneling mechanism for spin 

carrier injection, the properties of the organic semiconductor in the immediate vicinity of 

the interface are critical.66-70 

The electronic structure of organic semiconductors is in most cases strongly 

affected by disorder.  This is particularly the case for polymer systems, but is also quite 

relevant for thin films of relatively small organic molecules.  Energy bands associated 

with the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) levels of the molecules acquire their width in many cases 

primarily from potential fluctuations associated with steric interactions, which cause 

conformational twisting or bending that shifts electronic energy levels, rather than from 

molecular orbital overlap.71-74   

The density of states of these bands is then usually described by a Gaussian 

distribution:75 𝑔 𝐸! = 𝑁!
!
!!!!

𝑒𝑥𝑝  (− !!!!! !

!!!
) .  Here, 𝐸!  is a relevant (two-fold 

spin-degenerate) molecular energy level, 𝐸! is the center of the distribution of either 

HOMO or LUMO levels, 𝜎 is its width, and 𝑁! is the total number of states per unit 

volume.  For macroscopic device models in the non-degenerate limit, it is convenient to 

describe these bands as single energy levels that are shifted slightly towards lower 

electron (or hole) energies relative to the center of the density of states,  𝐸!.  For the 

LUMO band this effective conduction band energy is given by: 𝐸!
!"" = 𝐸! −

!!

!!"
.76  Here, 

kT is the product of Boltzmann’s constant and the temperature.  Transport occurs 

essentially via carrier hopping between neighboring molecules. But in macroscopic 
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device models this can be described with carrier mobilities that may acquire suitable 

dependences on the electric field, e.g. following a Poole-Frenkel model.77 

A non-trivial problem for the development of an organic-semiconductor 

spintronic device model is the integration of a macroscopic model that can describe 

efficiently the transport of spin-polarized charge carriers over the full device length with 

phenomena that are intrinsically of short range and strongly affected by disorder, such as 

the spin-dependent tunnel injection and extraction of the charge carriers at interfaces 

between the organic semiconductor and ferromagnetic contacts.  Structural details of 

these interfaces are rarely known, hence models that address generic properties are most 

useful.  Building on prior work,78,79 we focus in this chapter on the effects of disorder on 

spin injection and extraction for a simple planar organic-semiconductor spin valve. 

The chapter is organized as follows: in section 2.2 we discuss the microscopic 

processes at the interface for electron injection, which leads to a spin selection.  Then we 

develop suitable device equations on a macroscopic scale.  In section 2.3 we perform 

calculations relevant for different device interface parameters, discuss the results, and 

explore the effects of the interface on spin current and magneto-resistance.  In section 2.4 

we present conclusions.  

 

 

2.2 Model construction 

 

2.2.1 Microscopic processes 
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Before discussing the model, it is necessary to define two fundamental terms: the 

bulk region and the interface region.  The two types of regions are defined by the 

environments that a particle (electron, hole, exciton, etc.) experiences.  In the bulk 

regions, the materials have non-varying chemical compositions.  The length scale is on 

the order of ~100nm.  In the interface region, there is a transition in chemical 

composition from one material to the other within several nanometers.  Much of the 

model construction will concentrate on the interface region.  

The model (FIG. 2.1) developed here assumes the charge and spin carriers to be 

electrons that are injected from a metal contact into the band associated with the LUMO 

levels of the organic semiconductor molecules.   

 

FIG. 2.1. Schematic device structure including injecting and extracting contacts, corresponding 

schematic band diagram, and the density of LUMO states.  OS: organic semiconductor.  FM: 

ferromagnetic contact.  DOS: density of states.  The z axis is not to scale. z represents 

microscopic lengths (used for the tunneling transport) and z’ represents macroscopic lengths (used 

for the bulk semiconductor transport). 
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In the spirit of a generic model, we describe the ‘molecular orbitals’ simply by the 

ground state wave function of a finite spherical quantum well.  It is characterized by a 

radius, a, and a depth, 𝑉!.  After Fourier transform in the (x, y, 0)-plane (the nominal 

metal/semiconductor interface), the ground state wave function outside the quantum well 

is written as: 

𝜑!(𝑟∥, 𝑧) = 𝑑!𝑘∥ 𝐴!
!!

!!!!∥
!
𝑒
! !!!!∥

! !!!! 𝑒!!∥∙!∥                                                     (2.1) 

𝐴! is the normalization constant. 𝑧! is the center of the well, which refers to the position 

of the molecule relative to the nominal metal/semiconductor interface. 𝑘∥ is a wavevector 

in the (x,y)-plane, and  𝜅 = !!"
ℏ!

.  With the energy level denoted by 𝐸!, 𝜒 is the 

difference between the top of the well and 𝐸!.  𝜒 is on the order of the electron affinity, 

but for a ‘molecule’ close to the metal it may be smaller than for an isolated molecule.  

The mass of the electron is denoted by 𝑚.  In the organic semiconductor we assume the 

molecular levels (and the spherical quantum wells) to be randomly shifted in energy, such 

that the distribution of levels follows a Gaussian distribution as outlined above.  We 

furthermore assume that the 𝐸! levels are well above the Fermi level of the metal 

contact, 𝐸!.  This is consistent with the experimental observation that the metal/organic 

semiconductor interface yields an Schottky barrier.  However, relative to the fixed Fermi 

energy of the metal contact, the height of the tunnel barrier, Φ, for individual organic  
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molecules in its immediate vicinity varies due to disorder in the same way as the 

molecular energy levels.   

The relevant electronic structure of the FM contact is described as free-electron-

like, with the bands for spin-up (𝑠 =↑) and spin-down (𝑠 =↓) electrons shifted due to an 

exchange energy (𝐸!↓ − 𝐸!↑).  The metal occupies the half space z < 0, and evanescent 

wave functions for states with energy  𝐸, wave vector 𝑘∥ , and spin s, at 𝑧 > 0 have the 

form: 

𝜑!∥,!(𝑟∥, 𝑧) =
!

(!!)
!
!
𝑒!!∥∙!∥    !!!"

!!"! !!!
𝑒!!"                                                                         (2.2) 

Here, 𝑘!" =
!!(!!!!")

ℏ!
− 𝑘∥!, 𝛼 = !!(!!!)

ℏ!
+ 𝑘∥!. 

With the wave functions above, the tunneling rate between the FM contact and a 

localized ‘molecular’ state, !
!!"

 , can be calculated analytically following the approach of 

Bardeen:80,81 

!
!!"

= 𝐵{𝐶 𝑒𝑥𝑝 −2𝑘!"𝑧! + 𝐷𝑒𝑥𝑝 −2𝜅𝑧! }                                                                (2.3) 

Here, 𝐵 = ℏ
!!!"!

𝐴!!, 𝐶 = !!"
!!! +

!
!!!!, 𝐷 = !!"!

!!
− !!

!!
− !

!!! −
!

!!!!, 𝑘!" =
!!(!!!!")

ℏ!
. 

In the case of 𝐸 >> 𝐸!", equation (2.3) reduces to: 

!
!!"

= 𝐵 ∙ 𝐷𝑒𝑥𝑝  [−2𝜅𝑧!]                                                                                               (2.4) 

which has the exponential form obtained in WKB approximation.  In contrast to the 

conventional WKB approach, which would not depend on spin, the effect of spin on 

tunneling here is still included in the prefactor 𝐵 ∙ 𝐷. 
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2.2.2 Macroscopic device model 

 

In this part the formulas for the processes are incorporated into a set of one-

dimensional device equations.  The device model framework for the bulk region is 

discussed first and then, based on the discussion of the interfacial processes, the 

equations for the bulk region are extended to include the interface region. 

The range of the tunneling process is rather short.  Hence, only molecules very 

close to the semiconductor/metal interface contribute, and the relevant 𝑧! values are 

small compared to the overall length of a typical organic semiconductor device.  

Subsequent transport after initial injection involves hopping of the electrons between 

neighboring molecules.  We consider the case that the hopping rate between molecules is 

much larger than the tunneling rate between the FM metal and the adjacent organic 

molecules, so that spin injection is not negligible.48,49   In the semiconductor we describe 

transport over macroscopic distances as a drift/diffusion current and denote the spatial 

coordinate on the macroscopic scale by 𝑧!.  Hence, for example the electron densities are 

written as 𝑛!(𝑧!)  with 0! < 𝑧! < 𝐿! .  We neglect spin relaxation in the organic 

semiconductor. 

The tunnel current densities through a particular molecule, 𝑀, located at the left 

or right contact with 0 < 𝑧! < 0! or 𝐿! < 𝑧! < 𝐿, respectively, can be expressed as: 

𝑗!"#
(!) = −𝑒 !

!!"
! (𝑛!!

(!) − 𝑛!!
(!) !!(!!!!!)  

!!
)                                                                            (2.5) 
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𝑗!"#
(!) = −𝑒 !

!!"
(!) (𝑛!!

(!) !!(!!!!!)
!!

− 𝑛!!
(!))                                                                             (2.6) 

and the current density between the contacts is written as: 

𝑗! = 𝑒𝜇𝑛!(𝑧!)𝐹 + 𝑒𝜇𝑉!
!!!(!!)
!!!

                                                                                       (2.7) 

Here, 𝐹 (𝐹 < 0) and 𝜇 are the electric field and mobility in the organic semiconductor.  

We assume low injection and constant mobility.82,83  Superscripts 1, 2 represent the left 

and right contacts; 𝑛!! is equal to 𝑓(𝐸!)𝑔(𝐸!)∆𝐸!∆𝑧!.  𝑓(𝐸!) is the Fermi function, 

and 𝑔(𝐸!) is the density of states in organic semiconductor. ∆𝐸!  is a small energy 

increment. ∆𝑧! indicates that the carrier concentration is calculated in a thin layer, which 

is parallel to the (x, y)-plane and has thickness ∆𝑧!.  𝑛!(𝑧!) and 𝑛! are the volumetric 

carrier concentrations under non-equilibrium and equilibrium conditions, respectively.  

𝑉! = 𝑘𝑇 𝑒.   

Summing the tunneling current over all the states yields the total current density 

for each spin direction, 𝑠: 

𝑗! = 𝑗!"
(!) = 𝑗!"#

(!)
!!!! = 𝑗!"

(!) = 𝑗!"#
(!)

!!!!                                                          (2.8) 

Subscripts represent the states.  𝐸! and 𝑧! correspond to energy and position of 

the particular molecule close to the interface that is involved in the tunneling process.  

Combining equations (2.5-2.7), via equation (2.8), 𝑗! can be expressed as: 

𝑗! =
!! !!!

!!!
(!)

!!"
!!!!!

!! !
!!!!"

(!!!)
!!!
(!)

!!"
!!!!!

                                                                                          (2.9) 
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𝐴 =

!!!
(!)

!!"
!!!!! !

!!!
(!)

!!"
!!!!!

!!!"/!!
!!!
(!)

!!"
!!!!! !

!!!
(!)

!!!
!!!!!

                                                                              (2.10) 

For the operation of a spin valve, the relationship between the charge current, 

𝐽 = 𝑗↑ + 𝑗↓ , and the applied field electric with parallel (P) and antiparallel (AP) 

polarization of the contacts is of interest.  With the polarization of the injecting contact 

(1) kept constant, the relative polarization of the extracting contact (2) affects the charge 

current through the differences between 𝑡↑!
(!) and 𝑡↓!

(!). 

 

 

2.3 Results and discussion 

 

2.3.1 Device parameters 

 

To specify parameters for our calculations, we assume the depth and radius of the 

spherical quantum well modeling the molecular potential are V! = 1.4eV  and 𝑎 =

0.5𝑛𝑚, respectively.  The volume density of the molecular levels is, 𝑁! = 10!!𝑐𝑚!!; 

∆𝑧! = 𝑎/200 and ∆𝐸! = 0.01𝑒𝑉.  The bulk mobility is 10!! 𝑐𝑚! 𝑉𝑠 and the length 

(𝐿) of the device is 100nm.  The FM band parameters are chosen as 𝐸! − 𝐸!↓ = 1𝑒𝑉, 

𝐸! − 𝐸!↑ = 4𝑒𝑉.  The device temperature is 300𝐾.  Based on the chosen mobility value 

we may estimate the intermolecular hopping rate to be greater than 10!!s-1.  This is 
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indeed much larger than the largest tunneling rates calculated from equation. 3, which are 

on the order of 10!s-1.  

 

 

2.3.2 Spin injection from ferromagnetic contact into organic semiconductor 

 

First, we study how the injection current density (−𝑒 !

!!"
! 𝑛!!

(!)) changes as a 

function of the level distribution in the organic semiconductor.  In FIG. 2.2(a) and (b), the 

relationship between current density, tunneling depth, and energy level is depicted.  Here, 

𝐸! − 𝐸! = 0.5𝑒𝑉, and 𝜎 = 0.03𝑒𝑉 and 0.08𝑒𝑉, respectively.  The nominal barrier height 

is defined as: 𝛷! = 𝐸! − 𝐸! + 𝜒.  The current for different molecules (different 𝐸! and 

𝑧!) is determined by the combination of the tunneling rate, the abundance of states at 𝐸!, 

and the difference between 𝐸! and the Fermi level.  If the distribution’s width is small, 

electrons are injected close to 𝐸! and injection is relatively low because 𝐸! is well above 

𝐸!, as shown FIG. 2.2(a).  However, in many cases the distribution of molecular levels is 

relatively wide due to random potentials associated with disorder.  Then, injection is 

dominated by levels well below 𝐸! and may be quite strong, as seen in FIG. 2.2(b).  At 

low energy levels there is a large number of electrons in the FM contact that can support 

injection.  Thus, the current density reaches its maximum between the mean energy of 

semiconductor density of states and the Fermi energy, and decays towards high and low  
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energies.  Also evident in FIGs. 2.2(a) and (b) is the relatively short range of tunneling,  

which extends over less than 2𝑛𝑚 into the device. 

 

FIG. 2.2. (a) and (b).  Injection current density as a function of the tunneling distance and energy 

level.  𝐸! − 𝐸! = 0.5𝑒𝑉. 𝐹 = 0 (Injection and backflow current densities are of equal magnitude 

but opposite sign in this case). 𝜎 = 0.03𝑒𝑉 for (a) and  𝜎 = 0.08𝑒𝑉 for (b).  (c) Injection current 

density as a function of the organic semiconductor LUMO level distribution with different 

nominal tunnel barrier heights (𝛷! = 1.5𝑒𝑉 , 𝛷! = 1.55𝑒𝑉 , 𝛷! = 1.6𝑒𝑉 ) corresponding to 

𝐸! − 𝐸! = 0.5𝑒𝑉, 0.55𝑒𝑉, and 0.6𝑒𝑉, respectively. 

 

 

2.3.3 Magneto-resistance of organic spin valve 

  

Looking only at the injection tunneling current implies the assumption that the 

molecular levels in the semiconductor are empty.  It therefore neglects the backflow of 

electrons across the interface, but it shows most clearly the connection between the 

molecular energy levels and their coupling to the metal.  FIG. 2.2(c) summarizes the 

relationship between the injection current density and the width of the level distribution  



 
 

22 

for different mean energies in the organic semiconductor.  Since the individual molecular 

conduction channels are independent, the current increases with decreasing 𝐸! and with 

increasing 𝜎. 

We next consider the impact of 𝜎 and 𝐸! on the total charge current density in a 

device with identical FM metal contacts.  Results for P and AP polarizations, 𝐽! and 𝐽!", 

of the contacts are indistinguishable on the logarithmic scale shown in FIGs. 2.3(a) and 

(b).  However, they are different, as will be discussed below.  Evidently the currents 

increase strongly with increasing 𝜎 and decreasing 𝐸! − 𝐸!.   
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FIG. 2.3. Current densities for both parallel and anti-parallel conditions as a function of the 

applied electric field with different LUMO level distribution widths (a): 𝜎 = 0.1𝑒𝑉 , 𝜎 =

0.065𝑒𝑉 , 𝜎 = 0.03𝑒𝑉 , and different nominal tunnel barrier heights (b): 𝛷! = 1.5𝑒𝑉 , 𝛷! =

1.55𝑒𝑉, 𝛷! = 1.6𝑒𝑉, which correspond to 𝐸! − 𝐸! = 0.5𝑒𝑉, 0.55𝑒𝑉, 0.6𝑒𝑉, respectively.  For 

(a) the nominal height of the tunnel barrier 𝛷! = 1.5𝑒𝑉 (𝐸! − 𝐸! = 0.5𝑒𝑉). For (b) the width of 

the LUMO level distribution is 𝜎 = 0.065𝑒𝑉. 
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FIGs. 2.4(a) and (b) examine the spin current, 𝐽! = 𝑗↑ − 𝑗↓, and its dependence on 

the distribution of molecular states involved in the tunneling process.  The plots display 

the spin polarization of the current, 𝐽! 𝐽, for both P and AP cases.  When the electric field 

is low, both contacts affect the spin current.  Only for P alignment is the spin current non-

zero even in the limit of vanishing field.  With increasing electric field the injecting 

contact becomes dominant, and the relative polarization of the collecting contact is less 

relevant.  Consequently, 𝐽! 𝐽 is essentially the same for P and AP alignments of the 

contact polarization at high fields.  Furthermore, 𝐽! 𝐽 increases when 𝜎 increases and 𝐸! 

is fixed, and increases when 𝐸! − 𝐸!  decreases and 𝜎 is held constant.  Under both 

scenarios lower energy states become available for tunneling transitions and therefore 

both 𝐽 and 𝐽! increase. However, lower energy molecular states also imply larger ratios 

!↓!
!↑!

, and hence greater relative polarization of the tunnel current. 



 
 

25 

 

FIG. 2.4. Spin polarization of the current, 𝐽! 𝐽 , for both parallel and anti-parallel contact 

alignments as a function of the applied electric field for different LUMO level distribution widths 

(a): 𝜎 = 0.1𝑒𝑉, 𝜎 = 0.065𝑒𝑉, 𝜎 = 0.03𝑒𝑉, and for different nominal tunnel barrier heights (b): 

𝛷! = 1.5𝑒𝑉, 𝛷! = 1.55𝑒𝑉, 𝛷! = 1.6𝑒𝑉 ( 𝐸! − 𝐸! = 0.5𝑒𝑉, 0.55𝑒𝑉, 0.6𝑒𝑉).  For (a) the height 

of the nominal tunnel barrier is 𝛷! = 1.5𝑒𝑉 (𝐸! − 𝐸! = 0.5𝑒𝑉), and for (b) the width of the 

LUMO level distribution is 𝜎 = 0.065𝑒𝑉. 

 

Next, we explore the relative magneto-resistance of the spin valve, defined as:  

𝑀𝑅 = !!
!!"

− 1 (The definition of magneto-resistance in chapter 3 and 4 are the same as  
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it).  The small difference in the charge currents noted in FIGs. 2.3(a) and (b) gives rise to 

magneto-resistance.  As seen in FIGs. 2.5(a) and (b), 𝑀𝑅  decreases rapidly with 

increasing electric field.   

 

FIG. 2.5. Magneto-resistance ratio for parallel and anti-parallel contact polarizations as a function 

of the applied electric field for different LUMO level distribution widths (a): 𝜎 = 0.1𝑒𝑉 , 

𝜎 = 0.065𝑒𝑉 , 𝜎 = 0.03𝑒𝑉  and different nominal tunnel barrier heights (b): 𝛷! = 1.5𝑒𝑉 , 

𝛷! = 1.55𝑒𝑉 , 𝛷! = 1.6𝑒𝑉  (𝐸! − 𝐸! = 0.5𝑒𝑉 , 0.55𝑒𝑉 , 0.6𝑒𝑉 ).  For (a) the nominal tunnel 

barrier height is 𝛷! = 1.5𝑒𝑉 (𝐸! − 𝐸! = 0.5𝑒𝑉), and for (b) the width of the LUMO level 

distribution is 𝜎 = 0.065𝑒𝑉. 
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For applied fields greater than 2𝑥10!𝑉/𝑐𝑚, it is negligibly small.  This is 

consistent with the experimental data44,64,65,67, but it contrasts with the result obtained in 

simple models that describe tunnel injection as a linear contact resistance.47,48,52  

Furthermore, 𝑀𝑅  can become large if 𝐸! − 𝐸!  is small or 𝜎  is sufficiently large.  

Disorder thus may lead to the somewhat unusual consequence of facilitating improved 

device performance. 

We note that to obtain significant 𝑀𝑅, the voltage drop across both contacts 

should not be negligible compared to the voltage drop across the bulk organic 

semiconductor. As an example, in FIG 2.5(a), for the curve 𝜎 = 0.1𝑒𝑉, at small bias 

(|𝐹| = 10!𝑉/𝑐𝑚), the calculated voltage drop across the injecting contact, bulk, and 

extracting contact are 4.968×10!!𝑉   (25%),  10×10!!𝑉   (51%),   and  4.874×10!!𝑉 

(24%), respectively.  At large bias (|𝐹| = 2×10!𝑉/𝑐𝑚), the three corresponding values 

are 0.135𝑉 (38%), 0.2𝑉 (57%), and 0.018𝑉 (5%).  The results show that under small 

applied bias, the injecting and extracting contacts have bias conditions that are opposite 

but comparable in magnitude, but under large overall applied bias this is not the case and 

the extracting contact is less spin-selective, implying decreasing 𝑀𝑅. 

The example results shown here are based on certain assumed nominal barrier 

heights, Φ!, or, equivalently, on a chosen value for 𝜒.  Increasing the nominal barrier 

heights by 1eV decreases the currents by approximately one order of magnitude and 

increases the maximum 𝑀𝑅 values by roughly a factor of two.  However, the qualitative 

shapes of all resulting curves are preserved, and even the field and voltage ranges are 

very nearly the same as in the examples discussed. 
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Because of our focus on the contacts, spin relaxation in the organic semiconductor 

was neglected in this study.  Clearly, if significant, this process would reduce the 

observable 𝑀𝑅 in a spin valve.  A rough measure of the effect of spin relaxation may be 

based on the spin relaxation length, 𝐿!.  The effect was explored in earlier work.84   If the 

device length, 𝐿 , is much larger than the spin relaxation length, 𝑀𝑅  will decrease 

approximately as 𝑒!! !!. 

It should be metioned in the end, if the contacts are half metal, the current for both 

spin direction in the anti-parrallel case 𝐽!" will be very small, but not disappear because 

of the distribution of the energy levels in OS.  Thus 𝑀𝑅 will be very large. 

 

 

2.4 Conclusion 

  

Disorder in organic semiconductors implies a degree of randomness for tunnel 

injection and extraction of mobile charge and spin carriers.  This is of particular 

importance for organic spintronic devices, such as the simple FM/organic 

semiconductor/FM structure studied in this chapter.  Molecular states relatively close to 

the FM metal Fermi level are particularly important for these processes, but may 

correspond to the tails of a relatively wide distribution of states.  The model presented 

successfully combines the short range tunneling process, which is very sensitive to details 

of the organic semiconductor density of states, with a macroscopic device model.  The 

results demonstrate the experimentally observed rapid decrease of the magneto-resistance 
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of a spin valve with increasing applied bias.  It also shows that the device performance is 

likely to be quite sensitive to details of the distribution of molecular states close to the 

semiconductor/metal interfaces. 
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Chapter 3 Magneto-resistance of organic molecular tunnel junctions 

with nonmagnetic electrodes 

 

 

3.1 Introduction 

  

Contrary to the bulk spin valve, in the following chapters 3 and 4 a microscopic 

organic molecular structure will be discussed. We will start with a nonmagetic-

metal/molecule/nonmagetic-metal (M/molecule/M) structure in this chapter and then talk 

about the ferromagnetic metal/molecule/ferromagnetic metal (FM/molecule/FM) spin 

valve in the next chapter. 

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).85  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.86,87  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.88,89  While SAM-based experiments 

of molecular charge transport measure the parallel conductance of roughly one hundred 

molecules, other techniques have focused on single molecules.90,91  

The M/molecule/M junction electrical measurements have also addressed 

magnetic field effects.  In particular, the Kondo effect has been observed in low 
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temperature (typically 10 K) experiments on single molecules under relatively large 

applied magnetic fields (typically several Tesla).92,93  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, our collaborators (Prof. Frisbie’s group in CEMS, UMN) 

showed in recent experiments that relatively short oligophenylene thiol molecule SAMs 

have significant zero-bias, room temperature magneto-resistance (𝑀𝑅) at low applied 

magnetic fields (0.1 T).94 The experimental observations are 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. In this chapter 

after showing the experimental results in section 3.2, we will present a complete 

analytical model for the 𝑀𝑅 results reported.  We will also explore different parameter 

sets that may be relevant for different molecules.  In section 3.3 the models for the 

tunneling transmission coefficients and subsequently for the carrier distribution over the 

different transmission channels are developed.  Section 3.4 presents example results, and 

section 3.5 summarizes the conclusions.  Our model in this chapter (and chapter 4) deals 

with electron tunneling.  However the model developed has electron-hole symmetry and 

a simplified version was used to explain hole-tunneling 𝑀𝑅 phenomena in Ref. 94. 

 

 

3.2 Experimental Result 
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The experiments performed by our collaborators are done at room temperature 

and with small magnetic fields (~0.1 T) on SAM-based molecular tunnel junctions 

consisting of approximately 100 parallel oligophenylene thiol molecules (OPT1, OPT2, 

OPT3) and two non-magnetic gold contacts, FIG. 3.1.  Using conductive probe atomic 

force microscopy (CP-AFM) to form molecular junctions,95-98 systematic measurements 

of room temperature 𝑀𝑅 as a function of molecular length (1-2 nm) were performed.  

 

FIG. 3.1 Schematic representation of the conducting probe atomic force microscopy setup.  An 

Au-coated AFM tip is brought into contact with a SAM of oligophenylene thiols of various 

lengths on an Au-coated substrate. 

 

It is well known that the mechanism of transport for junctions based on OPT 

SAMs (1-2 nm in thickness) is HOMO-assisted direct tunneling, i.e., the Fermi level of 

the junction lies closer to the highest occupied molecular orbitals (HOMO) than to the 

lowest unoccupied molecular orbitals (LUMO) of the OPT molecules.97,99  To investigate 

the magnetic field effect on the charge tunneling, a permanent magnet was placed 

underneath the sample.  The strength of the magnetic field on the sample surface was 
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~0.1 T and intentionally oriented either perpendicular or parallel to the surface. The 

relative magneto-resistance is defined as   𝑀𝑅% = !!!!!
!!

%  where 𝑅!  is the mean 

resistance in the presence of the magnetic field and 𝑅! is the mean resistance without the 

magnetic field.  

FIG. 3.2(a) displays the histograms of hundreds of individual low bias (±0.05 V) 

resistance measurements (~1100 for 0 T while ~800 for 0.1 T tabulated without selection) 

for the OPT3 junction with and without a 0.1 T magnetic field perpendicular to the 

substrate.  The means are (3.46±0.06) ×106 Ω and (2.51±0.03) ×106 Ω with and without 

the field, respectively.  Here the quoted uncertainties represent 95% confidence intervals 

on the mean (not the measurement standard deviations).  That is, there is a statistically 

meaningful positive 𝑀𝑅 effect with a magnitude of 39%.  Furthermore, the results are 

independent of molecular length and field orientation, as shown in FIG. 3.2(b). The 

average 𝑀𝑅s of OPTs for perpendicular and parallel magnetic field orientation are (30±4) 

% and (33±3) %, respectively. 

 

FIG. 3.2 (a) The representative histogram of the low bias resistance of OPT3 junction without 

(dark blue) or with (red) 0.1 T magnetic field perpendicular to the substrate, and (b) the magneto-
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resistance versus the number of the phenyl rings of OPTn (n = 1, 2, 3) with perpendicular or 

parallel magnetic field.  Quoted uncertainties in (a) and error bars in (b) represent one standard 

deviation.  Data in panel (a) were recorded with a single Au-coated tip. 

 

FIG. 3.3(a) displays a semilog plot of low bias resistance versus the number of 

phenyl rings for OPT junctions in the presence and absence of the perpendicular 0.1 T 

field.  For each molecular length, the low bias resistances were calculated from averages 

of about 200 I-V traces within ±0.05V.  The linear relationships evident in FIG. 3.3(a) 

indicate that the data are well explained within the non-resonant tunneling picture.  

Essentially the same result is obtained when the magnetic field is parallel to the sample 

surface, FIG. 3.3(b).  The transport was shown to be due to non-resonant tunneling by 

comparing the conductances of molecules of different lengths, and the relative 𝑀𝑅 was 

found to be essentially independent of the length of the molecule and also independent of 

the direction of the magnetic field.   

 

FIG. 3.3 Semilog plot of low bias resistance of OPT junctions versus the number of phenyl rings.  

Comparison of low bias resistance (a) without (black dots) and with (red dots) perpendicular 

magnetic field, (b) without (black dots) and with (blue dots) parallel magnetic field. 
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The question of what causes the experimental observation arises immediately.  

The non-magnetic character of both the molecule and the electrodes indicate that 

previously reported 𝑀𝑅 mechanisms for magnetic electrodes,100-104 chiral molecules105-107 

and magnetic molecules108,109 are not responsible for this new observation.  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.   

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.99,110,111   In the 

usual framework of direct, non-resonant tunneling, interactions between charge carriers 

are not considered.  However, the newly observed 𝑀𝑅 effects reported here suggest that 

carrier-carrier coupling may play a role in junction transport.  Primary justification for 

this view is that the room-temperature I-V characteristics of the Au-OPT-Au junctions 

are simultaneously sensitive to small magnetic fields, 𝐵 < 0.1𝑇, and insensitive to field 

orientation.  Furthermore, while the resistance increase exponentially with the length of 

the OPT molecule, the 𝑀𝑅 is essentially independent of that length.  Thus, the reason for 
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the experimental result might come from the interaction between the tunneling charge 

carrier and the localized charge carrier.  In section 3.2, the theoretical model is proposed 

and for convenience, electrons are used as the charge carriers, but the physical model has 

electron/hole symmetry.  

 

3.3 Theoretical model 

 

3.3.1 Tunneling Process 

  

The analytical model for molecular tunneling to be developed in this chapter 

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.99  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.   
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A schematic energy level diagram for the electron transfer between the two metal 

contacts is shown in FIG. 3.4.  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, 𝑆 = ( ↑↓ − ↓↑ )/ 2, 𝑇! = ( ↑↓ + ↓↑ )/ 2, 𝑇! = ↑↑ , 𝑇! = ↓↓ , where the 

second spin orientation symbol always refers to the electron in the interface state.  (The 

specific example depicted in FIG. 3.4 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. 3.4. 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. 

 

The system comprised of the metal contacts and the molecule is modeled with the 

aid of a one-dimensional chain of interacting localized states,112 as is shown in FIG. 3.5.  

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. 
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FIG. 3.5 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. 

 

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: 

𝐻!" = 𝜀!𝑐!!𝑐! + 𝜀!𝑐!!𝑐! − 𝑡!"(𝑐!!𝑐! + ℎ𝑐)                                                                (3.1) 

where 𝜀!,!  represent the energy levels associated with two 

sites;  −𝑡!" =    < 𝜓! 𝐻!" 𝜓! > is the transfer matrix element between the two sites, and 

𝜓! and 𝜓! represent the spatial wave functions.  Diagonalization yields:  

𝜀!",!,! =
!!!!!± ∆!!!!!"

!

!
                                                                                              (3.2) 

Here, ∆= 𝜀! − 𝜀!.  As indicated above, we refer to the lower level as the interface state, 

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

electron state in the molecule: 
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𝜓!! = 𝑎!! 𝜓! + 𝑎!! 𝜓!                                                                                         (3.3) 

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 𝑒!/ 𝑟! − 𝑟!  between electrons 1 and 2, labeled by superscripts.  There are 

four single-electron states: 𝜓! ↑ , 𝜓! ↓ , 𝜓! ↑ , 𝜓! ↓ , hence six two-electron 

states can be formed: 

Singlet states:  

𝑆!! =
𝑆!! =
𝑆!" =

𝜓!! 𝜓!!

𝜓!! 𝜓!!
!
!
( 𝜓!! 𝜓!! + 𝜓!! 𝜓!! )

!
!
( ↑! ↓! − ↓! ↑! )                                      (3.4a) 

Triplet states:  

𝑇! =
𝑇! =
𝑇! =

!
!
( 𝜓!! 𝜓!! − 𝜓!! 𝜓!! )

↑! ↑!
↓! ↓!

!
!
( ↑! ↓! + ↓! ↑! )

                                     (3.4b) 

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. 

𝑆𝑖𝑛𝑔𝑙𝑒𝑡  𝑀𝑎𝑡𝑟𝑖𝑥 𝑆!!                                             𝑆!!                                            𝑆!"
𝑆!!
𝑆!!
𝑆!"

2𝜀! + 𝑈 𝐽 2 −𝑡!" + 𝐷
𝐽 2𝜀! + 𝑈 2 −𝑡!" + 𝐷

2 −𝑡!" + 𝐷 2 −𝑡!" + 𝐷 𝜀! + 𝜀! + 𝐶 + 𝐽

                (3.5a) 

𝑇𝑟𝑖𝑝𝑙𝑒𝑡  𝑀𝑎𝑡𝑟𝑖𝑥 𝑇!                                             𝑇!                                            𝑇!
𝑇!
𝑇!
𝑇!

𝜀! + 𝜀! + 𝐶 − 𝐽 0 0
0 𝜀! + 𝜀! + 𝐶 − 𝐽 0
0 0 𝜀! + 𝜀! + 𝐶 − 𝐽

               (3.5b) 

Here, 
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𝑈 =< 𝜓!!𝜓!!
!!

!!!!!
𝜓!!𝜓!! >=< 𝜓!!𝜓!!

!!

!!!!!
𝜓!!𝜓!! >                                         (3.6a) 

𝐶 =< 𝜓!!𝜓!!
!!

!!!!!
𝜓!!𝜓!! >                                                                                      (3.6b) 

𝐷 =< 𝜓!!𝜓!!
!!

!!!!!
𝜓!!𝜓!! >=< 𝜓!!𝜓!!

!!

!!!!!
𝜓!!𝜓!! >                                         (3.6c) 

𝐽 =< 𝜓!!𝜓!!
!!

!!!!!
𝜓!!𝜓!! >                                                                                      (3.6d) 

The two expressions for 𝑈 and 𝐷 are taken to be equal for simplicity. 

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:  

𝐸! = 𝜀! + 𝜀! + 𝐶 − 𝐽                                                                                                    (3.7) 

Diagonalization of the singlet matrix is straightforward but the resulting 

expressions are somewhat complicated and are therefore deferred to Appendix A.  

Relatively simple results are obtained for the case ∆= 0; setting 𝜀! = 𝜀! = 𝜀!: 

𝐸!,! = 2𝜀! +
!!!!!!

!
− !!! !

!
+ 4(𝑡!" − 𝐷)!                                                         (3.8a) 

𝐸!,! = 2𝜀! + 𝑈 − 𝐽                                                                                                       (3.8b) 

𝐸!,! = 2𝜀! +
!!!!!!

!
+ !!! !

!
+ 4(𝑡!" − 𝐷)!                                                         (3.8c) 

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

compared to all other terms, 𝐸!,! is usually the lowest singlet level.  The spatial parts of 

the singlet wave functions are written as: 
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𝑆(!) = 𝑎!!
(!) 𝑆!! + 𝑎!!

(!) 𝑆!! + 𝑎!"
(!) 𝑆!"                                                                    (3.9) 

Here the superscripts in parenthesis label the three singlet states, i.e. 𝜐 = 1,2,3 with 

𝜐 = 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:  

𝐻!" = − 𝑡!"(𝑐!!𝑐!!! + ℎ𝑐)!
!!! − 𝑡!"(𝑐!!𝑐!!! + ℎ𝑐)!!

!!!!                                 (3.10) 

−𝑡!" is the transfer matrix element in the metal, 𝑛 labels the sites of the chain in the 

contact, and 𝑁 is a large positive integer, as sketched in FIG. 3.5.  A single electron state 

characterized by wave number 𝑘 may be written as: 𝜓! = 𝑎!!
! 𝜓!  or 𝑎!!!

!! 𝜓! .  

It is readily found that the coefficients for the sites immediately adjacent to the molecule, 

𝑎!! and 𝑎!!, are both given by: (1− 𝑟)/ 2𝑁.  Here 𝑟 = 𝑒!!!"#, a is the lattice constant, 

𝑘 is related to the electron energy by 𝜀! = −2𝑡!" 𝑐𝑜𝑠 𝑘𝑎 , and the total number of sites, 

𝑁, provides the proper normalization.   

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

Hamiltonian of the form: 

𝐻! = −𝜏!(𝑐!!𝑐!! + ℎ𝑐)− 𝜏!(𝑐!!𝑐! + ℎ𝑐)                                                                  (3.11)  

−𝜏! (−𝜏!) is the transfer matrix element between the metal site immediately adjacent to 

the molecule on the left (right) side (FIG. 3.5). 

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

virtual, intermediate state 𝑚 , is a two-electron singlet or triplet state, we also need to 
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consider singlet and triplet states formed by the electron in the molecule interface state 

(defined by equation (3.3)) and the electron in the emitting or collecting contact as initial, 

𝑖 , and final, 𝑓 , states: 

There is one possible initial/final singlet state:  

𝑘, 𝑆 = !
!
( 𝜓!! 𝜓!!! + 𝜓!!! 𝜓!! )

!
!
( ↑! ↓! − ↓! ↑! )                                (3.12a) 

And three possible initial/final triplet states:  

𝑘,𝑇! =
𝑘,𝑇! =
𝑘,𝑇! =

!
!
( 𝜓!! 𝜓!!! − 𝜓!!! 𝜓!! )   

↑! ↑!
↓! ↓!

!
!
( ↑! ↓! + ↓! ↑! )

                        (3.12b) 

With these wave functions, the following transmission matrix elements are 

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

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

singlet state, which yields the lowest tunneling barrier.  Following equation (3.9), that 

state is identified by a superscript (1)). 

𝑀!
! = ! !! ! ! !! !

!!!!!

!
= (!!!) !!!

!!!
! ( !!!!

(!)!!!!!!"
(!)!!!)!( !!!!

(!)!!!!!!"
(!)!!!)!

!!!(!!!!!",!!!!,!)!
    (3.13a) 

𝑀!
! = ! !! ! ! !! !

!!!!!

!
= (!!!) !!!

!!!
!!!!

! !!!
!

!!!(!!!!!",!!!!)!
                                                     (3.13b) 

𝐸! represents the two-particle initial state energy, which is 𝜀! + 𝜀!",!, 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, 𝜀! = 𝜀!.  𝐸! corresponds to the intermediate 

state: 𝐸! = 𝐸!,!  for singlet pairing and 𝐸! = 𝐸!  for triplets.  The effective tunnel 
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barriers are 𝐸!,! − 𝜀!",! − 𝜀! , and 𝐸! − 𝜀!",! − 𝜀! , for singlet and triplet paired 

electrons at the Fermi level, respectively.     

The density of states in the contacts is given by 𝑔(𝜀) = 2𝑁/𝜋 4𝑡!"! − 𝜀! , which 

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 𝜀 forming singlet 

and the triplet states can therefore be expressed as: 

𝑊! =
!!
ℏ
(!(!)

!
)! 𝑀!

! = (!!!"
! !!!)!!

!!!
! ( !!!!

(!)!!!!!!"
(!)!!!)!( !!!!

(!)!!!!!!"
(!)!!!)!

!!ℏ(!!!!",!!!!,!)!!!"
!         (3.14a) 

𝑊! =
!!
ℏ
(!(!)

!
)! 𝑀!

! = (!!!"
! !!!)!!

!!!
!!!!

! !!!
!

!!ℏ(!!!!",!!!!)!!!"
!                                                          (3.14b) 

 

 

3.3.2 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 
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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 equation (3.12).  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 thermodynamic effects are 

entirely negligible.113  In this section we construct a model for the electron ensemble in 

the initial state. 

The system Hamiltonian, 𝐻, includes the Zeeman interaction, 𝐻!, which is time-

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

in time or space, 𝐻!.  This interaction models the effects of scattering, which together 

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 𝐻!" .  The energy level diagram 

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

3.6. 



 
 

46 

 

FIG. 3.6 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 𝐵! = 0.  (b) Showing the effect of a small exchange 

splitting, 𝐸!".  (c) Including the effect of different g-factors for the two electrons.  Also indicated 

are the allowed spin-relaxation transitions. 
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For a particular molecule the two electrons of the initial state are again labeled by 

superscripts.  The Zeeman interaction is written as,   

𝐻! = 𝑔!𝜇!𝑠!!𝐵! + 𝑔!𝜇!𝑠!!𝐵!                                                                                      (3.15) 

where 𝐵! is the applied magnetic field, 𝜇! is the Bohr magneton, and 𝑔!,! are the g-

factors.  Using 𝑔 = (𝑔! + 𝑔!)/2  and ∆𝑔 = (𝑔! − 𝑔!)/2  we write the interaction as 

follows, 

𝐻! = 𝐻 + ∆𝐻 = 𝜇!(𝑠!! + 𝑠!!)𝑔𝐵! + 𝜇!(𝑠!! − 𝑠!!)∆𝑔𝐵!                                            (3.16) 

The Hamiltonian for the interaction 𝐻! coupling to the electron spins can be 

written as: 

𝐻! = 𝜇!𝐵!! ∙ 𝑠! + 𝜇!𝐵!! ∙ 𝑠!                                                                                        (3.17) 

We first choose 𝐻  as the 0th-order Hamiltonian, 𝐻! , and 𝐻! = 𝐻!  as a 

perturbation. Subsequently, we will include 𝐻!" and ∆𝐻 into 𝐻!.  

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.  𝐻! is diagonalized, and the energies are sketched in FIG. 3.6.   

The time evolution of the density matrix, 𝜌, is given by a stochastic Liouville 

equation:114  

!"
!"
= !

ℏ
𝜌,𝐻! + 𝐻! + !"

!" !"#
+ !"

!" !""
                                                                        (3.18) 

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

are suppressed). 

Transforming to an interaction picture representation, we define 𝜌∗(𝑡) =

𝑒(!/ℏ)!!!𝜌(𝑡)𝑒!(!/ℏ)!!! , 𝐻!∗ = 𝑒(!/ℏ)!!!𝐻!𝑒!(!/ℏ)!!! , and 𝜌! = 𝜌(0).  In second order 

iteration, the first term in the right side of equation (3.18) becomes:115 

!
ℏ
𝜌∗,𝐻!∗ = !

ℏ
𝜌!∗,𝐻!∗ + (!

ℏ
)! 𝜌!∗,𝐻!∗(𝑡!) ,𝐻!∗(𝑡) 𝑑𝑡!

!
!                                            (3.19) 

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

last two terms in equation (3.18) randomize the phase of the ensemble averaged density 

matrix, we can take 𝜌!∗  to be diagonal. Furthermore, using 𝑗  and 𝑘  to label the 

eigenstates of 𝐻! we find for the first term on the right side of equation (3.19): 

𝜌!∗,𝐻!∗ !" = 𝑗 𝐻!∗ 𝑘 (𝜌!!∗ − 𝜌!!∗ )                                                                               (3.20) 

and the diagonal elements vanish. 

𝐻!, is taken to vary randomly for the ensemble, and we therefore focus on the 

ensemble averaged diagonal density matrix elements, e.g. 𝑗 𝜌∗ 𝑗 = 𝑗 𝜌 𝑗 .115  The 

second term in equation (3.19) yields: 

!!
ℏ!

𝑗 𝜌! 𝑗 𝐺!" 𝜏 𝑒!(!!!!!)!/ℏ! 𝑑𝜏!
!! + !

ℏ!
𝑘 𝜌! 𝑘 𝐺!" 𝜏 𝑒!!(!!!!!)!/ℏ! 𝑑𝜏!

!!   (3.21) 

Here, the energy of state 𝑗  is expressed as 𝐸!  and the time correlation function, 

𝐺!" 𝜏 = 𝚥 𝐻!(𝑡) 𝑘 𝑘 𝐻!(𝑡 + 𝜏) 𝚥 , depends only on the time difference, 𝜏. 

The matrix elements of 𝐻! are non-zero only for 𝛥𝑆! = 0, ±1.  In addition, all 

𝐺!" 𝜏  originate from 𝐻! and are proportional to (𝐵!)! = 𝐵!! ! + 𝐵!! ! /12.  Finally, 

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

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

electron spins, we consider the following simple form:  

𝐺!!!!!,±! 𝜏 = 𝑒! ! !!𝜇!!𝐵!!                                                                                       (3.22) 

Equation (3.22) 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.116-118 

The Fourier transform of the correlation function, given by 

𝐽!"(𝜔) = 𝐺!" 𝜏
!
!! 𝑒

!"#
ℏ /ℏ!𝑑𝜏 ∝ 𝜏/(1+ 𝜔𝜏 !) for 𝜔 = (𝐸! − 𝐸!)/ℏ, then yields the 

transition rate between states 𝑗  and 𝑘 .  The effect of the applied magnetic field enters 

through the Zeeman energy difference, expressed through 𝐵! = 𝑔𝐵!.  Taking 𝐻! to be 

either 𝐻 or 𝐻 + 𝐻!", the relevant eigenstates are those of Eq. (12): 𝑘, 𝑆 , 𝑘,𝑇! , 𝑘,𝑇! , 

and 𝑘,𝑇! .  The transition rates are written as: 

 𝐽!,!! = 𝐽!
!

!!(!!"!!
)!

                                                                                                 (3.23a) 

𝐽!,!± = 𝐽!
!

!!(!!∓!!"!!
)!

                                                                                                  (3.23b) 

𝐽!!,!± = 𝐽!
!

!!(!!!!
)!

                                                                                                        (3.23c) 

Here 𝐽! = 2𝜏!𝜇!!𝐵!!/ℏ! ; 𝐵! = ℏ/𝜏!𝑔𝜇!  and 𝐵!" = 𝐸!"/𝑔𝜇! , as it is convenient to 

express these energies in magnetic field units.  

In equation (3.18), 𝜕𝜌/𝜕𝑡 !"# is the formation rate of electron pairs in the initial 

state of the tunneling process.  The pair annihilation rate, 𝜕𝜌/𝜕𝑡 !"", corresponds to the 
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tunneling process and it is expressed in terms of kinetic coefficients 𝐾! and 𝐾! for the 

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

initial states being occupied is given by the diagonal elements of the density matrix.  𝐾! 

and 𝐾! are proportional to 𝑊!(𝜀!) and 𝑊!(𝜀!), respectively.  The time evolution of the 

diagonal elements of the density matrix then takes on the form of a master equation:  

! ! ! !
!"

= ! ! ! !
!" !"#

− 𝐾! 𝑗 𝜌 𝑗 − 𝑗 𝜌 𝑗 𝐽!!! + 𝑘 𝜌 𝑘 𝐽!"!                               (3.24) 

In the following, we define 𝛿𝑛! = 𝛿𝑛 𝑆 𝜌! 𝑆 , 𝛿𝑛!! = 𝛿𝑛 𝑇! 𝜌! 𝑇! , 𝛿𝑛!! =

𝛿𝑛 𝑇! 𝜌! 𝑇! , 𝛿𝑛!! = 𝛿𝑛 𝑇! 𝜌! 𝑇! .  Evidently, by normalization of the density matrix, 

𝛿𝑛 = 𝛿𝑛! + 𝛿𝑛!! + 𝛿𝑛!! + 𝛿𝑛!!.  For a non-magnetic contact, electrons arrive at the 

metal/molecule interface without spin polarization.  Consequently, all four pair states are 

populated with equal rates.  With the pair creation rate denoted by 𝐹, one obtains 

explicitly for the steady state: 

0 = 𝐹 − 𝐾!𝛿𝑛! − 𝐽!!!𝛿𝑛! − 𝐽!!!𝛿𝑛! − 𝐽!!!𝛿𝑛! + 𝐽!!!𝛿𝑛!! + 𝐽!!!𝛿𝑛!! + 𝐽!!!𝛿𝑛!!   

                                                                                                                                    (3.25a) 

0 = 𝐹 − 𝐾!𝛿𝑛!! − 𝐽!!!𝛿𝑛!! − 𝐽!!!!𝛿𝑛!! − 𝐽!!!!𝛿𝑛!! + 𝐽!!!𝛿𝑛! + 𝐽!!!!𝛿𝑛!! + 𝐽!!!!𝛿𝑛!!                                                                                                                

                                                                                                                                    (3.25b) 

0 = 𝐹 − 𝐾!𝛿𝑛!! − 𝐽!!!𝛿𝑛!! − 𝐽!!!!𝛿𝑛!! + 𝐽!!!𝛿𝑛! + 𝐽!!!!𝛿𝑛!!                           (3.25c) 

0 = 𝐹 − 𝐾!𝛿𝑛!! − 𝐽!!!𝛿𝑛!! − 𝐽!!!!𝛿𝑛!! + 𝐽!!!𝛿𝑛! + 𝐽!!!!𝛿𝑛!!                           (3.25d) 

The tunneling current is simply given by 𝐼 = 𝑒𝐾!𝛿𝑛! + 𝑒𝐾! 𝛿𝑛!! + 𝛿𝑛!! +

𝛿𝑛!! = 4𝐹.  The voltage drop across the molecules, on the other hand, is proportional 

to the number of accumulated electrons, i.e. proportional to  𝛿𝑛, and it depends on the 
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applied magnetic field 𝐵!.  Consequently the resistance, which is proportional to 𝛿𝑛 𝐼, 

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

resistance may be defined as (it is the same as the definition of magneto-resistance in 

chapter 2 and 4): 

𝑀𝑅(𝐵!) = 𝛿 𝑛 𝐼 !! − 𝛿 𝑛 𝐼 !!!! / 𝛿𝑛 𝐼 !!!!                                                  (3.26) 

Adding the term ∆𝐻 defined in equation (3.16) to 𝐻! introduces mixing of the 

states 𝑘, 𝑆  and 𝑘,𝑇!  and modifies the energy levels as shown schematically in FIG. 3.6 

(c).  The eigenfunctions of this modified 𝐻!  are labelled: 𝑘,+ , 𝑘,− , 𝑘,𝑇! , and 

𝑘,𝑇! .  The last two are unaffected by ∆𝐻, as are their energy levels.  The first two are 

given by: 

𝑘,+ = 𝐴!! 𝑘, 𝑆 + 𝐴!!
! 𝑘,𝑇!                                                                                    (3.27a) 

𝑘,− = 𝐴!! 𝑘, 𝑆 + 𝐴!!
! 𝑘,𝑇!                                                                                    (3.27b) 

𝐴!
± = !!±/∆!!!

!!(!!±/∆!!!)!
                                                                                                  (3.28a) 

𝐴!!
± = !

!!(!!±/∆!!!)!
                                                                                                 (3.28b) 

Here, 𝐵± = 𝐸±/𝑔𝜇! and the energy levels are given by: 

𝐸± =
!!!!!"

!
± (!!!!!")!

!
+ (∆𝑔𝜇!𝐵!)!                                                                    (3.29) 

The transition rates are affected by these modifications and acquire the following 

forms: 

𝐽!,! = 𝐽!(𝐴!!𝐴!!
! + 𝐴!!𝐴!!

! )! !

!!(!!!!!!!
)!

                                                                      (3.30a)  

𝐽!,!± = 𝐽!
!

!!(!!∓!!!!
)!

                                                                                                   (3.30b) 
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𝐽!,!± = 𝐽!
!

!!(!!∓!!!!
)!

                                                                                                   (3.30c)  

 

 

3.4 Results and discussion 

 

3.4.1     Example device parameters 

 

To estimate the 𝑀𝑅 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, 𝜓!(𝑟) ∝ exp  (−𝛽 𝑟 + 𝑢!𝑑/2 ) and 

𝜓!(𝑟) ∝ exp  (−𝛽 𝑟 − 𝑢!𝑑/2 ), where  𝑑 is the distance between the two sites in the 

molecule (1/𝛽 < 𝑑 ), all Coulomb terms are positive. Furthermore, we may use 

𝐶! = 𝑒!/𝑑 as the scale parameter and write 𝑈 ≈ 𝛾𝐶!, 𝐶 ≈ 𝐶!, 𝐷 ≈ 𝛼𝐶! and 𝐽 ≈ 𝛼!𝐶!, 

where 𝛼 ≈ 𝑒!!" < 1 and 𝛾 > 1.  Under these conditions 𝐸!! is significantly less than 

𝐸!! and 𝐸!!, hence the 𝐸!! level dominates the singlet tunneling process.  Furthermore, 

𝐸!! < 𝐸!  unless 2 𝑈 − 𝐶 𝐽 + 4𝐽! > 4(𝑡!" − 𝐷)!.  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 3.1 I and II. 
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TABLE 3.1 Device parameters for calculations in chapter 3. 

 𝑼 𝑪 𝑫 𝑱 𝒕𝑴𝑶   𝒕𝑴𝑬 𝝉𝑳 𝝉𝑹  

#/𝒕𝑴𝑶 5 1 0.2 0.04 1  1 0.05 0.05 #/𝑡!" 

𝑬  (𝒆𝑽) 5 1 0.2 0.04 1  2 0.1 0.1 𝑬  (𝒆𝑽) 

         
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. 

 𝑼 𝑪 𝑫 𝑱 𝒕𝑴𝑶   𝒕𝑴𝑬 𝝉𝑳 𝝉𝑹  

#/𝒕𝑴𝑶 50 10 2 0.4 1  1 0.05 0.05 #/𝑡!" 

𝑬  (𝒆𝑽) 5 1 0.2 0.04 0.1  2 0.1 0.1 𝑬  (𝒆𝑽) 

         
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. 

 

 

3.4.2     Transmission rate for tunnel junction 

 

In FIG. 3.7, the transmission rates 𝑊! and 𝑊! are graphed as functions of the 

electron energy, 𝜀, varying over the metal bandwidth (−2𝑡!" < 𝜀 < 2𝑡!").  The mean 

energy of the left and right site single-electron energy levels in the molecule, 𝜀 = (𝜀! +

𝜀!)/2, is set to zero.  The energy splitting caused by the magnetic field is negligibly 

small compared to the Coulomb interaction.  The dashed line represents 𝜀!",!.  𝜀! must 
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be greater than 𝜀!",! , otherwise the interface state is unoccupied and no unpaired 

electron exists.  In addition, 𝜀! needs to be smaller than the resonance level 𝐸!,!,! −

𝜀!",! , else 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).    

 

FIG. 3.7 Transmission rates for singlet (red) and triplet (black) states plotted as functions of 𝜀 

with (a) ∆= 0, (b) ∆= 5𝑡!" = 5𝑒𝑉, (c) ∆= 0, and (d) ∆= 50𝑡!" = 5𝑒𝑉.  The parameters for (a) 

and (b) are in TABLE I.  The parameters for (c) and (d) are in TABLE II.  The dashed lines 

indicate 𝜀!",!.  
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For the parameters in TABLE 3.1, I, a large 𝑡!"  is used, which leads to a 

significant splitting between 𝜀!",! and 𝜀!",!.  The energy for the singlet state 𝐸!,!, is 

always lower than that of the triplet state 𝐸!, FIG. 3.7 (a) and (b).  However, for small 

𝑡!"values, as in TABLE 3,1, II, 𝐸!,! is greater than 𝐸! if ∆ is small (FIG. 3.7 (c)).  For 

large ∆ values 𝐸!,! is again lower than 𝐸! (FIG 3.7 (d)).  We also note that for large ∆ 

values (FIG. 3.7 (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 𝑊! relative to 𝑊! in the energy range of interest, 𝜀!",! < 𝜀 < 𝐸!,! −

𝜀!",!.  

The key result of this model is that, with tunnel barriers on the order of 1eV, 

ratios 𝑊!/𝑊! = 𝐾!/𝐾! greater than 10 are readily obtained, but ratios less than 1 are 

also possible for certain parameter values.  

 

 

3.4.3     Magneto-resistance of the tunnel junction 

 

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

the molecule, we normalize equation. (3.25a-d) by 𝐽! and define 𝑘! = 𝐾!/𝐽!, 𝑘! = 𝐾!/

𝐽!.  The magnetic field scales are given by (𝐵!!)!/! and by 𝐵! .  As these quantities are 

associated with the rather weak interactions that cause spin relaxation, we estimate them 

to be on the order of 1~100𝑚𝑇.  
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FIG. 3.8 shows 𝑀𝑅 as a function of the ratio of 𝑘!/𝑘! and the applied magnetic 

field.  In FIG. 3.8 (a) both 𝐵!" and ∆𝑔 are taken to be zero, i.e. 𝐻! = 𝐻.  With 𝐵! 

increasing and the ratio of 𝑘!/𝑘!  deviating from 1, transitions 𝑆 ⇆ 𝑇±  and 𝑇! ⇆

𝑇±  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 𝑀𝑅.   

 

FIG. 3.8 𝑀𝑅 as a function of the applied magnetic field and 𝑘!/𝑘!, with (a) 𝐵!"/𝐵! = 0, ∆𝑔 =

0, 𝑘! = 0.5; (b) 𝐵!"/𝐵! = 1.5, ∆𝑔 = 0, 𝑘! = 0.5; (c) 𝐵!"/𝐵! = 5, ∆𝑔 = 0, 𝑘! = 0.5 and (d) 

𝐵!"/𝐵! = 5, ∆𝑔 = 0.1, 𝑘! = 0.5. 

 

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

and triplet states, i.e. 𝐻! = 𝐻 + 𝐻!", a 𝐵! value equal to 𝐵!" leads to degeneracy of the 

𝑆  and 𝑇!  states, as shown in FIG. 3.8 (b) and (c), and therefore enables rapid electron 
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transfer between these states.  Consequently, negative 𝑀𝑅 is achieved in this field range 

if 𝑘!/𝑘! ≠ 1.  Finally, positive 𝑀𝑅 again results for large magnetic fields if 𝑘! ≪ 𝑘!.  

This is depicted in FIG. 3.8 (b) and (c).  

FIG. 3.8 (d) shows the effects of a difference in g-factors of the two electrons in 

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

conduction electrons is about 2.2119 while the g-factor for organic molecules consisting of 

only light atoms is usually taken to be equal to 2.120  Hence, we use ∆𝑔 = 0.1 for the 

example results.  This introduces a new phenomenon. When the applied magnetic field is 

sufficiently large the coupling between the 𝑘, 𝑆  and 𝑘,𝑇!  states induced by ∆𝐻(𝐵! ≫

𝐵!") maximizes the transmission effectiveness of these two channels and therefore 

reduces the resistance, yielding negative 𝑀𝑅.  

Finally, the calculated 𝑀𝑅(𝐵!) is plotted for ∆𝑔 = 0 and ∆𝑔 = 0.1 and different 

𝐵!" values in FIG. 3.9 (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 

𝑀𝑅.  Furthermore, an energy splitting between 𝑆  and 𝑇!  states (𝐵!"), reduces the 

transition rates between singlet and all triplet states for 𝐵! = 0. If 𝐵!"  is large, all 

transition rates are small compared to the tunneling rates.  The transition rate 𝐽!,!! , 

however, reaches a maximum for 𝐵! = 𝐵!", resulting in a decrease of the resistance, i.e. 

negative 𝑀𝑅, in that field range.  This is evident in both FIGs. 3.9 (a) and (b).  FIG. 3.9 

(b) includes the effects of non-zero ∆𝑔  on 𝑀𝑅 . The new feature of negative 𝑀𝑅 

appearing here at low magnetic fields for the case of small 𝐵!" is again due to the mixing 
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of the 𝑘, 𝑆  and 𝑘,𝑇!  states induced by ∆𝐻(𝐵!), which maximizes the transmission 

effectiveness of these two channels and therefore reduces the resistance. 

 

 

FIG. 3.9 (a) 𝑀𝑅(𝐵!) for 𝐵!"/𝐵! = 0, 1, 2, 5, 10.  ∆𝑔 = 0, 𝑘! = 5 and 𝑘! = 0.5 (b) 𝑀𝑅(𝐵!) for 

𝐵!"/𝐵! = 0.01, 1, 2, 5, 10.  ∆𝑔 = 0.1, 𝑘! = 5 and 𝑘! = 0.5. 

 

Evidently, 𝑀𝑅(𝐵!) approaches constant values for large magnetic fields.  These 

values depend on 𝑘! , 𝑘! ,  and 𝐵!"  and ∆𝑔 .  The general expressions are rather 

complicated and therefore shown only in Appendix B.  However, two simple limiting 

cases are worth presenting here.  If  𝐵!"/𝐵! ≫ 1 and ∆𝑔 = 0, one readily finds that 
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𝑀𝑅 = 0 for 𝐵!/𝐵! ≫ 1.  On the other hand, 𝐵!"/𝐵! ≫ 1 and ∆𝑔 ≠ 0, yields 𝑀𝑅 =

− 𝑘! − 𝑘! !/(𝑘! + 𝑘!)(𝑘! + 3𝑘!) for 𝐵!/𝐵! ≫ 1.  These results are also seen in FIGs. 

3.9 (a) and (b).  It should be noted, however, that the limit 𝐵!"/𝐵! ≫ 1 is meaningful 

only if 𝐵!  is small so the exchange splitting of the initial 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.  

 

 

3.5     Tunneling for model molecule with more than two sites 

 

In the above discussion, the length of the molecule does no enter explicitly.  This 

approach is adequate for the calculation of the relative 𝑀𝑅, which does not depend on the 

length of the molecule.  However, to explore the length dependence of the resistance in 

this kind of tunneling model is useful because the experimentally found exponential 

increase of the resistance with length was the initial justification for the development of a 

non-resonant tunneling model. 

 In the following, the transfer coefficient is calculated with one, two and three 

states, respectively.  

From section 3.2.1, the wave function in the last site in the metal is 𝜓! = (1−

𝑟)/ 2𝑁 𝜓!  and the wave function for the single site, 𝑚 , is expressed as 𝜓! . 

The transmission coefficient for this case is: 

Π! =
!!" !! ! ! !! !!"

!!!!

!
= !!! !!!

!!!
!

(!!)!(!!!!)!
                                                                 (3.31) 
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Here, 𝜀!"  and 𝜀!"  represent the states in the left and right contact respectively.  𝜀! is 

the energy level of the state in the molecule, and 𝜏!  and 𝜏!  are the coupling 

matrixelements to the left and right contact. 

With two molecular sites, the energy levels are the same as equation (3.2) 

𝜀!",!,! = 𝜀! ± 𝑡!"  and their corresponding wave functions 𝜓!",! = !
!
𝜓!! +

!
!
𝜓!!  and 𝜓!",! = − !

!
𝜓!! + !

!
𝜓!! , here 𝜓!!  and 𝜓!!  are the wave functions 

of the two coupled molecule states, respectively. The transmission coefficient for the 

two-site case is: 

Π! =
!!" !! !! !! !! !!"

!!!!",!
+ !!" !! !! !! !! !!"

!!!!",!

!
= !!! !!!

!!!
! !!"

!

(!!)!(!!!!",!)!(!!!!",!)!
 (3.32) 

When there are three molecular sites, the energy levels are:  𝜀!, and 𝜀!",!,! =

𝜀! ± 2𝑡!"  and their corresponding wave functions:    𝜓!",! = − !
!
𝜓!! + !

!
𝜓!! , 

𝜓!",! = !
!
𝜓!! + !

!
𝜓!! + !

!
𝜓!!  and 𝜓!",! = − !

!
𝜓!! + !

!
𝜓!! − !

!
𝜓!! , here 

𝜓!! , 𝜓!!  and 𝜓!!  are the wave functions in the three states in molecule respectively. 

The transmission coefficient for the three-site case is: 

Π! =
!!" !! !! !! !! !!"

!!!!",!
+ !!" !! !! !! !! !!"

!!!!
+ !!" !! !! !! !! !!"

!!!!",!

!
=

!!! !!!
!!!
! !!"

!

(!!)!(!!!!",!)!(!!!!)!(!!!!",!)!
                                                                                     (3.33) 

If the coupling between the molecular sites is relatively weak, 𝑡!" ≪ 𝜀!, the 

transmission coefficients for different cases can be simplified into: Π! = 𝐴 !!"
!(!!!)

(!!!!)!∗!
, 

where 𝐴 is a constant depending on the system and 𝑖 is the number of the molecular sites.  
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The principal result is that the transmission coefficient depends exponentially on the 

number of sites.  If, for example, we view the sites as representations of OPT phenyl 

rings, we conclude that the transmission coefficient decreases exponentially with number, 

consistent with the experimental results.  Furthermore, this justifies our earlier two-site 

model, which has sufficient degree of freedom to model the relevant two-electron states.  

The effect of the length of the molecule may be included in the choice of 𝜏! and/or 𝜏! 

values.  

 

  

3.6 Conclusion 

 

 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 
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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. 105, 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. 

In the model examples discussed in sections 3.3 and 3.4 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 differ.  For example, in 

Ref. 105 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.  To investigate how the length of the molecules affect the electron transport, simple 

singlet particle model is examined.  The results of the model discussed here are consistent 

with this finding, allowing for the generalization that one of the transfer matrix elements, 
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which is actually 𝜏!, includes the tunneling process through most of the molecule, with 

exception of the thiolated end.  𝜏!  then depends exponentially on the length of the 

molecule and cancels out in the result for the relative magneto-resistance, as was 

discussed in Ref. 105.      
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Chapter 4 Magneto-resistance of organic molecular tunnel junctions 

with magnetic electrodes  

 

 

4.1 Introduction 

 

Metal/molecule/Metal junctions (i.e., ‘molecular junctions’) provide a powerful 

platform for investigating the transport physics of molecules as a function of precisely 

controlled molecular architecture, molecular orientation, and molecule-metal linkages.  

On the other hand, the investigation of the transport mechanism through the molecule can 

yield new physics for M/molecule/M junctions and predict the results of experiments not 

yet done.  In last chapter, we discussed organic molecule tunnel junctions with 

nonmagnetic electrodes and explored a transport mechanism for charge carriers in the 

molecule that can generate large magneto-resistance for weak magnetic fields.  Based on 

the model, which was developed in that chapter, the molecule tunnel junction will now be 

explored as a possible spin valve.  Analogous to the materials discussed in chapter 3, 

magnetic electrodes will now be considered.  It is assumed that the molecules with thiol 

group bond in oriented fashion to ferromagnetic contacts and form well-defined self-

assembled monolayers (SAMs).  We will also assume that charge transfer occurs and that 

tunneling channels will again be formed for different initial and final states because of the 

Coulomb interaction as discussed in Chapter 3.  
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First, in section 2 we present an analytical model using Fermi’s Golden rule to 

explore the dependence of the tunneling rate on the electron spin states.  Then using the 

spin density matrix approach and establishing rate equations for the relevant microscopic 

processes we obtain steady-state solutions.  In section 3, we explore theoretically the 

competition between the transmission rates and spin flip rates, which expedite spin 

mixing and tend to suppress the magneto-resistance initially but then may enhance it.  In 

the end, the FM/molecule/FM (FM: ferromagnetic metal) model is compared with the 

Julliere model121 that is based on non-interacting charge carriers. 

 

 

4.2 Theoretical model 

 

4.2.1 Tunneling Process 

  

The analytical model for molecular tunneling to be developed in this chapter 

describes a molecule in contact with ferromagnetic metal contacts at both ends.  In the 

ferromagnetic metals the energy bands for spin up and spin down are shifted by the 

exchange interaction, 2𝛿𝜀, as shown in FIG. 4.1.  The molecule is again modeled as 

possessing two distinct single-electron energy levels.  Both levels are two-fold spin-

degenerate and we refer to the lower level 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-FM bond that 
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enables the SAM to form.  The ‘interface state’ energy level therefore lies below the 

metal contact Fermi energy.  Tunneling through the molecule is enabled by a virtual two-

electron state whose energy 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.   

 

FIG. 4.1. Schematic representation of energy band in ferromagnetic contacts.  (a) Energy in 

relationship with wave number for spin up and spin down.  (b) Diagram of the density of states in 

the (one-dimensional) ferromagnetic contacts. 
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A schematic energy level diagram for the electron transport between the two FM 

contacts is shown in FIG. 4.2.   

 

FIG. 4.2. Schematic representation of an electron tunneling through the organic molecule.  For 

the case shown the spins of the unpaired ‘interface state’ electron are spin up and spins in 

contacts are either spin up (A) or spin down (B).  (a), (b) and (c) display the energy level 

diagrams for the initial, intermediate (virtual), and final states, respectively. 

 

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

spin orientation ( ↑  or ↓ ) with probability of 𝑔↑(𝜀!)/(𝑔↑(𝜀!)+ 𝑔↓(𝜀!)) and 𝑔↓(𝜀!)/

(𝑔↑(𝜀!)+ 𝑔↓(𝜀!)).  Here, 𝑔↑(𝜀!) and 𝑔↓(𝜀!) are the densities of states for spin up and 

spin down in the ferromagnetic contacts, as shown in FIG. 4.1.  Together with the 

unpaired localized electron in the interface state it forms four two-electron states.  Since 

it is assumed that only a small voltage is applied, we only consider the electrons at the 
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Fermi level.  Thus, there are two wave numbers 𝑘! and 𝑘! corresponding to the Fermi 

energy, as shown in FIG. 4.1 (a).   Hence, the electrons in the FM and have different 

spatial wavefunctions 𝜓!!  and 𝜓!! .  Representing again the interface state spatial 

wavefunction by 𝜓!! , four two-electron states are formed: 

𝑘!,𝑇! = !
!
( 𝜓!!! 𝜓!!! − 𝜓!!! 𝜓!!! ) ↑! ↑!                                                      (4.1a) 

𝑘!,𝑇! = !
!
( 𝜓!!! 𝜓!!! − 𝜓!!! 𝜓!!! ) ↓! ↓!                                                      (4.1b) 

𝑘!,+ = !
!
( 𝜓!!! , ↑ 𝜓!!! , ↓ − 𝜓!!! , ↓ 𝜓!!! , ↑ )                                                     (4.1c) 

𝑘!,− = !
!
( 𝜓!!! , ↓ 𝜓!!! , ↑ − 𝜓!!! , ↑ 𝜓!!! , ↓ )                                                     (4.1d) 

Electrons 1 and 2 are labeled by superscripts.  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.  

It should be mentioned here electrons with 𝑘!,𝑇!  and 𝑘!,𝑇!  initial state must go 

through the triplet virtual state and 𝑘!,+  and 𝑘!,−  can use either singlet or triplet 

virtual states.  The specific example depicted in FIG. 4.2 shows the tunneling of an 

electron based on initial state (A) 𝑘!,𝑇!  and (B) 𝑘!,− , respectively.  Considering the 

complicated case of 𝑘!,−  as an example, a spin down electron approaches and forms an 

electron pair with the spin up electron in the interface state.  It has the possibility to 

transmit through either the singlet or triplet channel (𝑇!).  Then, either spin up or spin 

down electron can be extracted in the final state, (FIG. 4.2 (B)). 

The system comprised of the FM contacts and the molecule is modeled with the 

aid of a one-dimensional chain of interacting localized states,14 as in chapter 3.  The 
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molecule is represented by two sites, L and R, and the left and right FM contacts by sites 

n < 0 and n > 0, respectively. 

As assumed in chapter 3, the parameters are such that non-resonant tunneling at 

the contact metal Fermi energy adequately describes the transport process. The 

calculation of the molecular one- and two-electron states is the same as in chapter 3. 

The left contact ferromagnetic metal is modeled by the Hamiltonian:  

𝐻!" = [𝛿𝜀𝑐!↑
! 𝑐!↑ − 𝛿𝜀𝑐!↓

! 𝑐!↓ − 𝑡!" 𝑐!↑
! 𝑐!!!↑ + ℎ𝑐 − 𝑡!" 𝑐!↓

! 𝑐!!!↓ + ℎ𝑐 ]!!
!!!!    (4.2) 

Here 2𝛿𝜀 is the splitting between the spin bands that polarizes the ferromagnetic metal.  

−𝑡!" is the transfer matrix element, 𝑛 labels the sites of the chain in the contact, and 𝑁 is 

a large positive integer, as sketched in FIG. 3.5.  The right contact is analogous.  A single 

electron states characterized by wave numbers 𝑘!,!  may be written as: 𝜓!!,! =

𝑎!!
! 𝜓!  or 𝑎!!!

!! 𝜓! .   It is readily found that the coefficients for the sites 

immediately adjacent to the molecule, 𝑎!! and 𝑎!!, are both given by: (1− 𝑟!,!)/ 2𝑁.  

Here 𝑟!,! = 𝑒!!!!!,!!, a is the lattice constant, 𝑘!,! is related to the electron energy by 

𝜀!!,! ∓ 𝛿𝜀 = −2𝑡!" 𝑐𝑜𝑠 𝑘!,!𝑎 , and the total number of sites, 𝑁, provides the proper 

normalization.   

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

Hamiltonian of the same form as in chapter 3. 

When the polarizations of the contacts are parallel, the initial/final states are the 

same.  When polarizations are anti-parallel, we change the energy band diagram in the 

extracting contact, and the final states become: 

𝑘!,𝑇! = !
!
( 𝜓!!! 𝜓!!! − 𝜓!!! 𝜓!!! ) ↑! ↑!                                                      (4.3a) 



 
 

70 

𝑘!,𝑇! = !
!
( 𝜓!!! 𝜓!!! − 𝜓!!! 𝜓!!! ) ↓! ↓!                                                      (4.3b) 

𝑘!,+ = !
!
( 𝜓!!! , ↑ 𝜓!!! , ↓ − 𝜓!!! , ↓ 𝜓!!! , ↑ )                                                     (4.3c) 

𝑘!,− = !
!
( 𝜓!!! , ↓ 𝜓!!! , ↑ − 𝜓!!! , ↑ 𝜓!!! , ↓ )                                                     (4.3d) 

With these wave functions, the following transmission matrix elements are 

obtained in second order perturbation theory for the four initial states in parallel and anti-

parallel polarization.  (When electrons transport through the singlet channel, we consider 

only the lowest energy singlet state, which yields the lowest tunneling barrier.)  

Transmission matrix elements are calculated as 𝑀 ! = ! !! ! ! !! !
!!!!!

!
.  There are 

twelve matrix elements to consider: 

𝑀!! !
! = (!!!"

! !(!!!!!")!

!!"
! )! !!

!!!
!!!!

! !!!
!

!!!(!!!!!!",!!!!)!
                                                         (4.4a) 

𝑀!! !
! = (!!!"

! !(!!!!!")!

!!"
! )! !!

!!!
!!!!

! !!!
!

!!!(!!!!!!",!!!!)!
                                                        (4.4b) 

𝑀!! !"
! = 𝑀!! !"

! = !!!"
! !(!!!,!!!")!

!!"
!

!!!"
! !(!!!,!!!")!

!!"
!

!!
!!!
!!!!

! !!!
!

!!!(!!!,!!!!",!!!!)!
         (4.4c) 

𝑀! ! !
! = 𝑀! ! !"

! = [ !!!"
! ! !!!!!" !

!!"
!

!
+ !!!"

! ! !!!!!" !

!!"
!

!!!"
! ! !!!!!" !

!!"
! ]   

!!
!!!
! (!!!

! !!!!!!"
! !!!/ !)!(!!!

! !!!!!!"
! !!!/ !)!

!!!(!!!!!!",!!!!)!
                                           (4.4d) 

𝑀! ! !
! = 𝑀! ! !"

! =   

[(!!!"
! !(!!!!!")!

!!"
! )! + !!!"

! ! !!!!!" !

!!"
!

!!!"
! ! !!!!!" !

!!"
! ] !!

!!!
!!!!

! !!!
!

!"!!(!!!!!!!,!!!!)!
                      (4.4e) 

𝑀! ! !
! = 𝑀! ! !"

! = !!!"
! ! !!!!!" !

!!"
!

!
+ !!!"

! ! !!!!!" !

!!"
!

!!!"
! ! !!!!!" !

!!"
!   
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!!
!!!
! (!!!

! !!!!!!"
! !!!/ !)!(!!!

! !!!!!!"
! !!!/ !)!

!!!(!!!!!!",!!!!)!
                                                                 (4.4f) 

𝑀! ! !
! = 𝑀! ! !"

! =   

[(!!!"
! !(!!!!!")!

!!"
! )! + !!!"

! ! !!!!!" !

!!"
!

!!!"
! ! !!!!!" !

!!"
! ] !!

!!!
!!!!

! !!!
!

!"!!(!!!!!!",!!!!)!
                     (4.4g) 

𝐸! represents the two-particle energy in the initial state, which is 𝜀!!,! + 𝜀!",!, 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, 𝜀!!,! = 𝜀! .  𝐸!  corresponds to the 

intermediate state: 𝐸! = 𝐸!,! for singlet pairing and 𝐸! = 𝐸! for triplets.  The effective 

tunnel barriers are 𝐸!,! − 𝜀!",! − 𝜀!, and 𝐸! − 𝜀!",! − 𝜀!, for singlet and triplet paired 

electrons at the Fermi level, respectively.    The subscript 𝑆 and 𝑇 refer to the singlet and 

triplet channels and 𝑃 and 𝐴𝑃 denote the parallel and anti-parallel contact polarizations.  

The subscript of 𝑀, such as 𝑀!!, signifies that the initial state is 𝑘!,𝑇! .  (𝑀! for 

𝑘!,+  as initial state, 𝑀! for 𝑘!,−  as initial state, 𝑀!! for 𝑘!,𝑇!  as initial state). 

The density of states in the emitter contact is given by 

𝑔↑(𝜀!!) = 𝑁/𝜋 4𝑡!"! − (𝜀!! − 𝛿𝜀)! and 𝑔↓(𝜀!!) = 𝑁/𝜋 4𝑡!"! − (𝜀!! + 𝛿𝜀)! . 

The twelve transmission rates per unit energy for electrons at energy 𝜀 forming 

singlet and the triplet states can now be expressed as: 𝑊 = !!
ℏ
𝑔!(𝜀)𝑔!(𝜀) 𝑀 !.  

𝑊!!
! = (!!!"

! !(!!!")!)!!
!!!
!!!!

! !!!
!

!!ℏ!!"
! (!!!!",!!!!)!

                                                                                 (4.5a) 

𝑊!!
! = (!!!"

! !(!!!")!)!!
!!!
!!!!

! !!!
!

!!ℏ!!"
! (!!!!",!!!!)!

                                                                                 (4.5b) 
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𝑊!!
!" =𝑊!!

!" =
!!!"
! ! !!!" ! !!!"

! ! !!!" !!!
!!!
!!!!

! !!!
!

!!ℏ!!"
! !!!!",!!!!

!                                                (4.5c) 

𝑊!,!
! =𝑊!,!

!" =

[!!!"
! ! !!!" !! !!!"

! ! !!!" ! !!!!
! ! !!!" !]!!

!!!
! (!!!

! !!!!!!"
! !!!/ !)!(!!!

! !!!!!!"
! !!!/ !)!

!!ℏ!!"
! !!!!",!!!!

!              

                                                                                                                                      (4.5d) 

𝑊!,!
! =𝑊!,!

!" =
[!!!"

! ! !!!" !! !!!"
! ! !!!" ! !!!"

! ! !!!" !]!!
!!!
!!!!

! !!!
!

!!ℏ!!"
! !!!!",!!!!

!                         (4.5e) 

𝑊!,!
! =𝑊!,!

!" =

[!!!"
! ! !!!" !! !!!"

! ! !!!" ! !!!"
! ! !!!" !]!!

!!!
! (!!!

! !!!!!!"
! !!!/ !)!(!!!

! !!!!!!"
! !!!/ !)!

!!ℏ!!"
! !!!!!",!!!!

!   

                                                                                                                                       (4.5f) 

𝑊!,!
! =𝑊!,!

!" =
[!!!"

! ! !!!" !! !!!"
! ! !!!" ! !!!"

! ! !!!" !]!!
!!!
!!!!

! !!!
!

!!ℏ!!"
! !!!!",!!!!

!                         (4.5g) 

The subscripts (𝑆 and 𝑇) after the comma represent the singlet and triplet channel and 

superscript 𝑃  and 𝐴𝑃  denote the parallel and anti-parallel contact polarizations. The 

subscripts closest to 𝑊 again denote the initial states.  Evidently, there are seven different 

different transmission rates, five of them corresponding each to two different situations, 

accounting for the total of twelve.  For initial state, 𝑘!,+  and 𝑘!,−  the total 

transmission rates are given by: 𝑊!
!,!" = (𝑊!,!

!,!" +𝑊!,!
!,!")/2 and 𝑊!!,!" = (𝑊!,!

!,!" +

𝑊!,!
!,!")/2.  
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4.2.2 Spin relaxation 

   

The model constructed in the preceding section essentially defines one 

transmission channel for each of the spin configurations 𝑘!,𝑇!  and 𝑘!,𝑇!  as the initial 

state and two channels for 𝑘!,+  and 𝑘!,− , all for either parallel or anti-parallel 

polarization cases.  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 FM emitter contact 

and its Coulomb interaction with the unpaired electron in the molecular interface state is 

weak.  Therefore the four initial states are nearly degenerate and even relatively weak 

mechanisms can produce transitions between them.  In the real physical system, there are 

of course many initial states with different spatial wave functions.  In our model, this is 

reduced to the four states of equation (4.1 a-d).  A spin flip could only happen with 

𝛥𝑆! = 0, ±1.  In this section we construct a model for the electron ensemble in the initial 

state, as we did in Chapter 3.  The transition rates are written as: 

𝐽!,!! = 𝐽!!,! = 𝐽!,!! = 𝐽!!,! = 𝐽!                                                                                (4.6a) 

𝐽!,!! =
!↑ !!
!!

𝐽! = 𝑓↑𝐽!                                                                                              (4.6b)  

𝐽!!,! =
!↓ !!
!!

𝐽! = 𝑓↓𝐽!                                                                                              (4.6c)         

𝐽!,!! =
!↓ !!
!!

𝐽! = 𝑓↓𝐽!                                                                                               (4.6d)   

𝐽!!,! =
!↑ !!
!!

𝐽! = 𝑓↑𝐽!                                                                                               (4.6e)                               
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Here 𝐽!,! = 2𝜏!!,!𝜇!!𝐵!",!! /ℏ!.  The density of states in the middle of either 

spin band is denoted by 𝑔!.  𝐵! is the random magnetic field, 𝜏! is a relevant time scale 

for dephasing of the electron spins when the density of states of spin up and spin down 

are the same.  𝑀 and 𝑚 denote Metal (FM) and molecule, respectively.  The subscripts 

indicate transitions between two specified states. 

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

electron pairs, and analogous to the treatment in chapter 3 leads to the following coupled 

rate equations for a steady state.  

0 = 𝐹! − 𝐾!
!,!"𝛿𝑛!

!,!" − 𝑓↓𝐽!𝛿𝑛!
!,!" − 𝐽!𝛿𝑛!

!,!" + 𝐽!𝛿𝑛!!
!,!" + 𝑓↑𝐽!𝛿𝑛!!

!,!"           (4.7a) 

0 = 𝐹! − 𝐾!!,!"𝛿𝑛!!,!" − 𝑓↑𝐽!𝛿𝑛!!,!" − 𝐽!𝛿𝑛!!,!" + 𝐽!𝛿𝑛!!
!,!" + 𝑓↓𝐽!𝛿𝑛!!

!,!"            (4.7b) 

0 = 𝐹!! − 𝐾!!
!,!"𝛿𝑛!!

!,!" − 𝑓↓𝐽!𝛿𝑛!!
!,!" − 𝐽!𝛿𝑛!!

!,!" + 𝐽!𝛿𝑛!
!,!" + 𝑓↑𝐽!𝛿𝑛!!,!"          (4.7c) 

0 = 𝐹!! − 𝐾!!
!,!"𝛿𝑛!!

!,!" − 𝑓↑𝐽!𝛿𝑛!!
!,!" − 𝐽!𝛿𝑛!!

!,!" + 𝐽!𝛿𝑛!!,!" + 𝑓↓𝐽!𝛿𝑛!
!,!"          (4.7d) 

We define 𝛿𝑛! = 𝛿𝑛 + 𝜌! + , 𝛿𝑛! = 𝛿𝑛 − 𝜌! − , 𝛿𝑛!! = 𝛿𝑛 𝑇! 𝜌! 𝑇! , 𝛿𝑛!! =

𝛿𝑛 𝑇! 𝜌! 𝑇!  and the kinetic coefficient for tunneling are defined analogous to those of 

chapter 3: 

𝐾!
!,!" = 2𝑊!

!,!!/𝑔↑(𝜀!) , 𝐾!!,!" = 2𝑊!!,!"/𝑔↓(𝜀!) , 𝐾!!
!,!" = 2𝑊!!

!,!"/𝑔↑(𝜀!) , and 

𝐾!!
!,!" = 2𝑊!!

!,!"/𝑔↓(𝜀!). 

Here half of 𝑔↑(𝜀!) is attributed to 𝑘!,𝑇!  and 𝑘!,+ , and half of  𝑔↓(𝜀!) is attributed to 

states 𝑘!,𝑇!  and 𝑘!,− .  For a magnetic contact, electrons arrive at the metal/molecule 

interface with polarization.  Consequently, all four pair states are populated with different 

rates.  The pair creation rates are denoted by 𝐹.  𝐹! = 𝐹!! = 𝑔↑(𝜀!)/2(𝑔↑(𝜀!)+ 𝑔↓(𝜀!)) 
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and 𝐹! = 𝐹!! = 𝑔↓(𝜀!)/2(𝑔↑(𝜀!)+ 𝑔↓(𝜀!)).  The subscripts (𝑆 and 𝑇) after the comma 

represent the singlet and triplet channels, respectively.  Superscript 𝑃 and 𝐴𝑃 denotes the 

parallel and anti-parallel polarizations.  The subscripts of 𝐹 and the subscripts closest to 

𝐾, denote the initial states.   

The relative magneto-resistance of the spin valve is defined as: 

𝑀𝑅 = 𝛿𝑛!!  !"#"$! !" − 𝛿𝑛!!  !"#"$! ! / 𝛿𝑛!!  !"#"$! !                                      (4.8) 

It is analogous to the definition of the magneto-resistance in chapter 2 and 3. 

Until now, we have assumed that the Fermi level intersects both spin up and down 

bands.  If the Fermi level is only in one spin band, which means the contact is a half 

metal, only a part of the states exist and the rate equations will be simplified.  If, for 

example, the injecting contact only has a spin-up band at 𝜀!, the electrons approach 

forming 𝑘!,𝑇!  or 𝑘!,+  states. Then the rate equations for the parallel case are: 

0 = 𝐹! − 𝐾!!𝛿𝑛!! − 𝐽!𝛿𝑛!! + 𝐽!𝛿𝑛!!
!                                          (4.9a) 

0 = 𝐹!! − 𝐾!!
! 𝛿𝑛!!

! − 𝐽!𝛿𝑛!!
! + 𝐽!𝛿𝑛!!                                       (4.9b) 

where 𝐹! = 1/2 and 𝐹!! = 1/2.  

For the anti-parallel case (with only spin-down states at 𝜀! in the extracting contact), 

only: 

0 = 𝐹! − 𝐾!!"𝛿𝑛!!" − 𝐽!𝛿𝑛!!" + 𝐽!𝛿𝑛!!
!,!"                                  (4.10a) 

0 = 𝐹!! − 𝐽!𝛿𝑛!!
!" + 𝐽!𝛿𝑛!!"                                                (4.10b) 

where 𝐹! = 1, exists.  In the half metal region, the transfer matrix elements for 𝑘!,+  

are different from the traditional ferromagnetic region, and are expressed as: 
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𝑊!,!
! =𝑊!,!

!" = [!!!"
! ! !!!" !]!!

!!!
! (!!!

! !!!!!!"
! !!!/ !)!(!!!

! !!!!!!"
! !!!/ !)!

!!ℏ!!"
! !!!!",!!!!

!              (4.11a) 

𝑊!,!
! =𝑊!,!

!" = [!!!"
! ! !!!" !]!!

!!!
!!!!

! !!!
!

!!ℏ!!"
! !!!!",!!!!

!                                      (4.11b) 

𝑊!
!,!" = (𝑊!,!

!,!" +𝑊!,!
!,!")/2 and 𝐾!

!,!" = 2𝑊!
!,!"/𝑔↑(𝜀!). 

 

 

4.3 Results and discussion 

 

4.3.1     Transmission rate for tunnel junction 

 

The parameters we use for the Coulomb terms and transfer matrix elements in the 

following calculations are the same as in TABLE 3.1 I of chapter 3.  The exchange 

splitting of the contact, 𝛿𝜀, is 1𝑒𝑉, except when otherwise indicated. 

In FIG 4.3, diagrams of the density of states in the ferromagnetic contacts are 

shown in both (a) parallel polarization and (b) anti-parallel polarization.  It should be 

noted that there are three parts to this range: (1) −2t!" − δε < ε < −2t!" +   δε 

(−5𝑒𝑉~− 3𝑒𝑉 ) and (3) 2t!" − δε < ε < 2t!"+   δε  (3𝑒𝑉~5𝑒𝑉 ) correspond to half 

metal contacts and (2) −2t!" + δε < ε < 2t!" − δε  (−3𝑒𝑉~3𝑒𝑉 ) corresponds to 

conventional ferromagnetic contacts.   
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FIG. 4.3. Diagram of the density of states in the (one-dimensional) ferromagnetic contacts. 

𝛿𝜀 = 1𝑒𝑉.  (a) shows the density of states for spin up and spin down bands in the left and right 

contacts with a parallel polarization.  (b) is with anti-parallel polarization. 

 

In FIG. 4.4, the transmission rates 𝑊!!
! , 𝑊!!

! , 𝑊!!
!" (=𝑊!!

!" ), 𝑊!
!,!"  and 

𝑊!!,!"are graphed as functions of the electron energy, 𝜀, varying over the total metal 

bandwidth (−2𝑡!" − 𝛿𝜀 < 𝜀 < 2𝑡!"+  𝛿𝜀).  Both the left and right site single-electron 
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energy levels in the molecule 𝜀! and 𝜀! are set to be zero, but non-zero cases will also be 

discussed below.  

 

FIG. 4.4 Transmission rates for 𝑘!,𝑇!  (black for parallel and blue for anti-parallel), 𝑘!,𝑇!  (red 

for parallel and blue anti-parallel), 𝑘!,+  (black dashed line for both parallel and anti-parallel 

cases), 𝑘!,−  (red dashed line for both parallel and anti-parallel cases) as the initial states plotted 

as functions of 𝜀 with 𝜀! = 𝜀! = 0.  (a) shows all the four states, (b) shows the transmission rates 

in parallel polarization (c) is for the anti-parallel polarization.  The parameters are in TABLE 3.1.  

The dashed lines indicate 𝜀!",!.  𝛿𝜀 is 1𝑒𝑉.  The first peak is singlet resonance and the second is 

triplet resonance peak. 
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The dashed line represents 𝜀!",!.  𝜀! must be greater than 𝜀!",!, otherwise the 

interface state is unoccupied and no unpaired electron exists.  In addition, 𝜀! needs to be 

smaller than the lowest resonance level, 𝐸!,! − 𝜀!",!, else 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).   In 

this chapter, we only focuse on ∆= 0𝑒𝑉. In range (1), −2𝑡!" − 𝛿𝜀 < 𝜀 < −2𝑡!"+  𝛿𝜀, 

only the transmission through 𝑊!!
!  and 𝑊!!,!" could exist and similarly in range (3), 

there are only 𝑊!!
!  and 𝑊!

!,!" channels, as determined by the density of states in the 

contact at the Fermi level.  One might also note that for 𝑊!
!,!" and 𝑊!!,!" there are two 

peaks, since 𝑘!,+  and 𝑘!,−  could use either singlet or triplet channels as shown in 

FIG. 4.2 (B).  As an electron approaches the interface between the molecule and the 

emitting contact and forms 𝑘!,+  or 𝑘!,−  states, it could tunnel through the virtual 

state ( 𝑆  or 𝑇! ), then either the spin up or the spin down electron is extracted at the 

other contact. 

 

 

4.3.2     Magneto-resistance of the tunnel junction 

 

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

the molecule, we rewrite equation 4.6 as:  

𝐽!,!! = 𝐽!!,! = 𝐽!,!! = 𝐽!!,! = 𝐽!                                                                              (4.12a) 
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𝐽!,!! = 𝑓↑𝐽! = 𝑓↑𝑃𝐽!                                                                                              (4.12b)  

𝐽!!,! = 𝑓↓𝐽! = 𝑓↓𝑃𝐽!                                                                                              (4.12c)         

𝐽!,!! = 𝑓↓𝐽! = 𝑓↓𝑃𝐽!                                                                                               (4.12d)   

𝐽!!,! = 𝑓↑𝐽! = 𝑓↑𝑃𝐽!                                                                                                 (4.12e) 

Here, 𝑃 = 𝜏!!𝐵!"! /𝜏!!𝐵!"! . Normalizing equations (4.7a-d) by 𝐽!  and defining 

𝑘!
!,!" = 𝐾!

!,!"/𝐽! , 𝑘!!,!" = 𝐾!!,!"/𝐽! , 𝑘!!
!,!" = 𝐾!!

!,!"/𝐽! , 𝑘!!
!,!" = 𝐾!!

!,!"/𝐽! , equations 

(4.7) become: 

0 = 𝐹!! − 𝑘!
!,!"𝛿𝑛!

!,!" − 𝛿𝑛!
!,!" − 𝑓↓𝑃𝛿𝑛!

!,!" + 𝛿𝑛!!
!,!" + 𝑓↑𝑃𝛿𝑛!!

!,!"                     (4.13a) 

0 = 𝐹!! − 𝑘!!,!"𝛿𝑛!!,!" − 𝛿𝑛!!,!" − 𝑓↑𝑃𝛿𝑛!!,!" + 𝛿𝑛!!
!,!" + 𝑓↓𝑃𝛿𝑛!!

!,!"                    (4.13b) 

0 = 𝐹!!! − 𝑘!!
!,!"𝛿𝑛!!

!,!" − 𝛿𝑛!!
!,!" − 𝑓↓𝑃𝛿𝑛!!

!,!" + 𝛿𝑛!
!,!" + 𝑓↑𝑃𝛿𝑛!!,!"                   (4.13c) 

0 = 𝐹!!! − 𝑘!!
!,!"𝛿𝑛!!

!,!" − 𝛿𝑛!!
!,!" − 𝑓↑𝑃𝛿𝑛!!

!,!" + 𝛿𝑛!!,!" + 𝑓↓𝑃𝛿𝑛!
!,!"                   (4.13d) 

Let 𝐹!! = 𝐹!!! = 𝑔↑(𝜀!)/2(𝑔↑(𝜀!)+ 𝑔↓(𝜀!))  and 𝐹!! = 𝐹!!! = 𝑔↓(𝜀!)/2(𝑔↑(𝜀!)+

𝑔↓(𝜀!)).  With equation 4.8 and 4.13, the magneto-resistance can be calculated.   

The calculated 𝑀𝑅  is plotted with 𝛿𝜀 = 1𝑒𝑉 , 𝛿𝜀 = 0.1𝑒𝑉  and 𝛿𝜀 = 10!!𝑒𝑉  in 

FIG 4.5 as a function of 𝜀 with 𝜀! = 𝜀! = 0 and  𝐽! ≠ 0,  𝑃 = 1000.  This refers to large 

spin flip rate in the metal.  Spin flip mixes the channels for different states, so both 

positive and negative 𝑀𝑅 values exist in the traditional ferromagnetic region.  When the 

Fermi energy lies in the center, because of the density of states are symmetric, the 

transmission rates are the same in parallel and anti-parallel polarizations, which leads to 

zero 𝑀𝑅.  When 𝛿𝜀 increases, the magnetic property of contacts become stronger, which 
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means the density of states for spin up and spin down split more, and 𝑀𝑅 increases.  

When 𝛿𝜀 is very small, 𝑀𝑅 goes to zero.  

 

FIG. 4.5 𝑀𝑅  as a function of Fermi energy with 𝛿𝜀 = 1𝑒𝑉 , 𝛿𝜀 = 0.1𝑒𝑉  and 𝛿𝜀 = 10!!𝑒𝑉 . 

𝐽! ≠ 0, 𝑃 = 1000, and 𝜀! = 𝜀! = 0.  Dashed curves denote negative values. 

 

Finally, we plot 𝑀𝑅 with different spin flip rates and compare it with the Julliere 

model in FIG 4.6.  Both 𝜀! and 𝜀! are 2.5𝑒𝑉, which is high enough to make the peaks of 

singlet and triplet transmission rates move into the half metal region (3), (2𝑡!" − 𝛿𝜀 <

𝜀 < 2𝑡!"+  𝛿𝜀).  Its corresponding transmission rates are plotted in the Appendix C FIG. 
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FIG. 4.6 𝑀𝑅  as a function of Fermi energy for (a) 𝐽! = 0 and 𝐽! ≠ 0, 𝑃 = 1; (b) 𝐽! ≠ 0, 

𝑃 = 1000 and Julliere model.  𝜀! = 𝜀! = 2.5𝑒𝑉.  𝛿𝜀 = 1𝑒𝑉.  Dashed curves indicate negative 

values.  First black dashed line and yellow dash line refer to 𝜀!",! and 𝜀!",!, respectively.  The 

second black dashed line referes to the singlet resonant peak.  The parameters are in TABLE 3.1, 

except  𝑡!" = 1.5𝑒𝑉. 

 

If the spin flip rates in both metal and molecule vanish, 𝑀𝑅 in the traditional 

ferromagnetic region is negative, since more electrons are accumulated in parallel 

polarization.  𝑀𝑅 is not continuous at the edge between the traditional ferromagnetic and 

the half metal region, which is caused by the infinity of density of states in 1D case.  In 
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realistic cases, the spin flip rates are non-zero.  The spin flips mix the transmission 

channels, so both positive and negative values exsist as 𝐽! ≠ 0 and 𝑃 is not large (FIG 

4.6 (a)).  When 𝐽! is not zero and 𝑃 is very large, which is the case when spin flips in 

metal are more rapid than in the molecule, the electron transport is not limited by the spin 

flip terms but dominated by the transmission rates, so it reverts to a case similar to the 

Julliere model (FIG 4.6 (b)), which will be discussed in the following.   In the half metal 

region, there is no spin flip in the metal, thus the curves for different 𝑃 with  𝐽! ≠ 0 

overlap with each other.   

If we model the organic molecular tunneling junction without allowing for 

electron-electron interaction, there are two electrons (spin up and spin down) in the 𝜀!",! 

state.  𝜀!",! then becomes the electron tunneling virtual state.  Thus, this model is then 

essentially the Julliere model and the result is shown in FIG. 4.6 (b) (yellow curve).  The 

yellow dashed line refers to 𝜀!",!, which means that in the Julliere model Fermi energy 

should be below it, otherwise the virtual state is filled.   

If the barrier height is large the transmission matrix elements are approximately 

constant over the energy range of interest and the magneto-resistance of the 

FM/molecule/FM junction becomes: 

𝑀𝑅 = !↑,! !! !!!↓,! !! !!!↑,!" !! !!!↓,!" !! !

!↑,!" !! !!!↓,!" !! ! = !! !! !!!! !! !!!!! !! !! !!
!!! !! !! !!

           (4.14) 

This is the result of the Julliere model.  Here 𝑔! 𝜀!  is the density of states of the up-

shifted band and 𝑔! 𝜀!  is the density of states of the down-shifted band.   

Then, returning to the model with the electron-electron interaction, if 𝜀! and 𝜀! 

are large (both equal to 2.5𝑒𝑉  in the results of FIG 4.6), the barriers for electron 
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tunneling are high, so it is reasonable to assume that the transmission rates are the 

approximately equal for the different channels. 

FIG 4.6 (b) shows the plot of 𝑀𝑅, which reaches only somewhat smaller values 

than the Julliere result.  This is because the indicent and extracted electrons do not 

necessarily have the same spin direction as discussed in the context of FIG 4.2.  For the 

same reason, in the half metal region, 𝑀𝑅 will not be infinite.   

 

 

4.4 Conclusion 

 

 We have presented an analytical model for charge carrier transmission through 

organic molecular tunnel junctions with magnetic electrodes.  The electron in the emitter 

and the electron in the interface states form four different initial states.  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 and on the parallel or anti-parallel polarization of the two 

contacts, which gives four transport channels in each case.   

Spin relaxation through relatively weak interactions of the electrons with their 

environment can enable transitions between the four different states.  We calculate the 

spin valve magneto-resistance.  As the shift of energy bands for spin up and spin down in 
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the contacts increases, the magnetoresitance increases, which agrees with the traditional 

spin tunneling junction model.  

In the end, we compare the FM/molecule/FM structure with the Julliere model.  If 

assuming the incident and extracted electrons have the same spin direction and the 

transmission rate are the same for each channels, the new model reduces to the same 

physical mechanism as described by the Julliere model.   
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Chapter 5 Analysis of the electric double layer formation dynamics of 

a metal/ionic liquid/metal Structure 

 

 

5.1 Introduction 

 

Ionic liquids (ILs) have found use as excellent high capacitance ‘dielectrics’ for 

electronic devices in the last several years.122-124  The high capacitance of an IL can be 

attributed to the formation of electric double layers (EDLs), as shown in FIG. 5.1.  When 

a bias is applied across an IL, the cations migrate towards the negative electrode and the 

anions migrate toward the positive electrode resulting in an EDL at each electrode as well 

as the structuring of an oscillating multilayer of ions near the electrode surface.125  The 

capacitance of an EDL is large because, in a steady state, the total applied bias is dropped 

only across the double layer thickness (~1 nm in thickness) with the bulk of the ionic 

liquid remaining charge neutral.  The resulting specific capacitance is on the order of 

µF/cm2, which allows field effect transistors using ionic liquids as gate ‘dielectrics’ to 

reach very high charge carrier densities on the order of 1013-1014 cm-2.124,126-129  At these 

high charge densities unique phenomena, such as insulator-to-metal transitions and field 

effect induced superconductivity, may occur.129-131   
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FIG. 5.1 Schematics of the metal-dielectric-semiconductor structures with conventional and 

electrolyte (e.g., ionic liquid) dielectrics.  

 

Despite impressive accomplishments achieved with the use of ionic liquids in 

various devices in the last several years, a comprehensive understanding of ionic liquid 

dynamics in electronic systems still appears to be elusive.  One-dimensional models for 

EDL formation in dilute electrolyte solutions, such as the Helmholtz and Gouy-Chapman 

or more advanced models that include steric and electric correlation effects132-140, are 

often used to give some insight into the behavior of an ionic liquid in an electronic 

device; however, their success in explaining experimental data is limited as the one-

dimensional models cannot predict three-dimensional structuring.141,142  The lack of 

solvent molecules and the much higher concentration of ions make ILs a more difficult 

system to model than dilute electrolytes. 

One poorly understood phenomenon of particular interest to the electric double 

layer transistor (EDLT) community is a sweep rate-dependent linear change in  
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displacement current while linearly ramping voltage.126,128  Displacement current 

measurements (DCMs) are a method used to determine charge density in capacitive 

structures and EDLTs.143  DCMs are particularly useful as a secondary check on charge 

density values obtained by impedance analysis or as an alternative to Hall effect charge 

density measurements in systems exhibiting hopping transport.  A near-ideal capacitor, 

like one using a SiO2 dielectric, has a perfectly flat displacement current-voltage 

relationship.  The sweep-rate dependent slope in the displacement current-voltage 

relationship for capacitors and EDLTs using an ionic liquid “dielectric” is attributable to 

slow, complex relaxation processes at the electrode surfaces.  A good understanding of 

the dynamics of double layer formation could facilitate the minimization of the effective 

relaxation time and could therefore improve the switching speeds of EDLTs. 

In this chapter, we present a study of IL dynamics over a wide range of time 

scales through the use of frequency dependent impedance analysis as well as current 

voltage measurements for different voltage profiles in order to better understand the 

timescales of relaxation in these systems (sections 5.2 and 5.3).  An equivalent circuit 

model is constructed that replicates the dynamics of a metal/IL/metal structure, including 

the sweep-rate and voltage dependence of the displacement current, and gives some 

insight into the distribution of relaxation times that characterizes the dynamics of this 

system (section 5.4).    

 

 

5.2 Results and discussion 
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5.2.1 Experimental data 

 

 FIG. 5.2 (a) shows device structure. [P14]+[FAP]- in FIG. 5.2 (b) was chosen as it 

is a proven IL that is particularly hydrophobic, and it is an IL which was shown to be 

effective for organic EDLTs.125    

 

FIG. 5.2 (a) Cross section of metal-insulator-metal (MIM) structure using gold electrodes and 

ionic liquid (IL) as the insulator.  (b) Chemical structure of the ionic liquid 1-butyl-1-methyl 

pyrrolidinium tris-(pentafluoroethyl)trifluorophosphate ([P14]+[FAP]-). 

 

The device fabrication and measurement were performed by Elliot Schmidt in 

Prof. C. Daniel Frisbie’s group.  The ionic liquid in the Au/IL/Au devices was 

[P14]+[FAP]-.  Impedance and phase angle were measured as a function of frequency in  
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the range of 0.5 Hz to 1.0 MHz.  FIG. 5.3 (a) is a Bode plot of a typical Au/IL/Au device.  

The red and black circles show the admittance phase angle vs. frequency relationship for 

the same device under two different DC biases, and the red and black solid lines are the 

result of the model discussed in the following section.  Similarly, the pink and blue 

circles show the admittance magnitude vs. frequency relationship for an actual device and 

the solid pink and blue lines show the result of the model.  Capacitance due to 

instrumentation and cabling causes the phase angle to begin to increase at frequencies 

above ω = 106 sec-1 and also accounts for the admittance reaching a maximum of 3 

S/cm2. 
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FIG. 5.3 Open circles are experimental data while solid lines are the results of the equivalent 

circuit model.  (a) Phase angle-frequency (red and black) and admittance-frequency (pink and 

blue) relations for [P14]+[FAP]- in an Au/IL/Au structure.  (b) Effective capacitance-frequency 

characteristic of [P14]+[FAP]- in an Au/IL/Au structure. 

 

To give an impression of the potential switching speed of such a capacitor 

structure, FIG 5.3 (b) shows the effective capacitance vs. frequency relationship for a 
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typical device with experimental data represented by circles and a solid line representing 

the results of the model.  The effective capacitance of the device as a whole is taken to be 

Ceff = Im(Y)/ω.  Ceff initially decreases gradually as the frequency increases (about one 

order of magnitude decrease when ω increases by six orders of magnitude) before 

dropping more rapidly above ω = 106 sec-1.       

Time dependent current vs. voltage measurements (both linear ramp and step) 

were made using a Keithley 2612b source measure unit.  During the linear ramp, V = 0 at 

t = 0 and the voltage is swept to -0.5 V at various fixed rates and then swept back to zero 

at the same rate.  For an ideal capacitor with a small series resistance, this measurement 

would result in a constant positive current when sweeping in one direction and constant 

negative current of equal magnitude when sweeping in the opposite direction.  In FIG. 

5.4 we can see a linearly ramped displacement current measurement for a typical 

Au/IL/Au device.  There is an initial turn on transient, related to the RC time constant of 

the device, where the current steeply increases.  This is followed by a linear current vs. 

voltage relationship with a modest slope.  The slope increases with increasing voltage 

ramp rate.  Different voltage ramp rates sample different parts of the frequency response 

characteristics of the device, and device characteristics vary dramatically with frequency 

as shown by admittance data.  Results of the equivalent circuit model are able to replicate 

the measurements satisfactorily (solid lines in FIG 5.4). 
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FIG. 5.4 Displacement current measured while linearly varying the voltage from 0 V to -0.5 V 

and back to 0 V at varying rates.  Open circles are experimental data and solid lines are the results 

of the model. 

 

FIG 5.5 shows the device’s current response to the application of voltage steps.  

The Au/IL/Au capacitor is initially charged by applying a -0.5 V bias at t = 0 while 

simultaneously measuring the current.  This bias is held for 15 sec at which point the 

capacitor is discharged by applying 0 V at t = 15 sec and measuring the current for 

another 15 sec.  After long times (tens of seconds) the current decays to levels below the 

resolution of our instrumentation (~1pA). 
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FIG. 5.5 Displacement current measured when applying a -0.5 V step potential at t = 0 and 

holding the bias for 15 sec before stepping to 0 V at t = 15 sec and holding 0 V for 15 sec.  

Circles are experimental data while solid lines are the result of the proposed model. 

 

 

5.2.2 Equivalent circuit model and discussion 

 

It is evident from the admittance data displayed in FIG 5.3 that the dynamical 

response of the metal/IL/metal device structure is rather complex.  At very high 

frequencies, ω > 107 sec-1, ion motion is not expected to follow the time varying applied 

electric field and the device response is dominated by the probe and cable capacitance of 

what under those conditions is essentially a low capacitance metal/dielectric/metal 

structure.  Effective formation of EDLs is expected for lower frequencies, ω < 105 sec-1.  

Under these conditions, simple first-order models would indicate that the device should 

act as a very large capacitor.  However, it is noted that the phase angle of the admittance 
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is significantly less than π/2.  This is a rather well studied phenomenon for EDLs in solid 

or liquid electrolytes.  It frequently is attributed to roughness of the electrodes that leads 

to a distribution of essentially parallel capacitances that are accessible to the ions of the 

electrolyte.144  The effect can be represented by so-called constant phase elements (CPE) 

in an equivalent circuit.145  This approach is adopted here for the metal/IL/metal structure 

under study.  As there are two distinct gold surfaces with different roughnesses, different 

edges, different substrate materials, and different surface topographies, and for a given 

polarity they are exposed to different ions of the IL, we incorporate two CPEs into our 

model each representing a metal/IL interface.  A CPE is a linear circuit element with an 

admittance of  Y!"# = 𝑄!!(𝑖𝜔)!!!, with 0 ≤ α ≤ 1.   

The proposed equivalent circuit model for an Au/IL/Au device is shown in FIG. 

5.6.  RΩ is the resistance of the ionic liquid, and Cg is the geometric capacitance 

(including contributions from cabling and instrumentation).  Each CPE is representative 

of the relaxation processes of ions occurring at an electrode where an EDL is formed.  In 

addition, very slow relaxation paths where modeled by parallel RPCP paths as described 

below. 



 
 

96 

 
 

FIG. 5.6 Equivalent circuit model for a Au/IL/Au device.  The constant phase elements (CPEs) 

represent the distribution of relaxation times for ions to equilibrate on the electrode surfaces.  

Each electrode/IL interface is additionally characterized by a low frequency RPCP branch.  RΩ is 

the ionic liquid resistance, and Cg is the geometric capacitance, which includes contributions from 

equipment and cabling. 

 

By fitting the admittance and phase angle data in FIG 5.3 (a) for applied DC 

voltages of 0 V and -0.5 V we extracted the parameters seen in TABLE 5.1.  The fits 

were conducted by first fitting α, and subsequently Q, for the CPEs.  Then Rp and Cp were 

adjusted to fit low frequency behavior.  RΩ and Cg were fixed and were calculated from  

IL conductivity values and measurements of instrumentation capacitance, respectively. 
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TABLE 5.1. Fit parameters for the equivalent circuit model.  

Device 𝛼!   𝛼! 𝑄!            𝑄! 𝑅!"          𝑅!" 𝑅! 𝐶! 𝐶!! 𝐶!! 
𝑉!

= 0  𝑉 
0.09      

0.09 

1.16×10!   
Ωcm2sec-(1-α)  

5.78×10!    
Ωcm2sec-(1-α) 

4.1×10!   
Ω ∙ cm! 

6.6×10!   
Ω ∙ cm! 

0.4455   
Ω ∙ cm! 

2.7×10!!  𝐹/cm! 

6.06×10!!  𝐹/cm! 

1.21×10!!  𝐹/cm! 
𝑉!
= 0.5  𝑉 

0.09          

0.09 

1.35×10!    
Ωcm2sec-(1-α)  

6.93×10!    
Ωcm2sec-(1-α) 

4.1×10!   
Ω ∙ cm! 

4.1×10!   
Ω ∙ cm! 

0.4455   
Ω ∙ cm! 

2.7×10!!  𝐹/cm! 

6.06×10!!  𝐹/cm! 

1.21×10!!  𝐹/cm! 
 

The distribution of relaxation times G(τ) for both of the CPEs is plotted in FIG 

5.7 (a) and (b).145  Here, 𝜏𝐺 𝜏 = !
!!

!!"#  (!")
!"# !!! ! !!"# ! !!! ! !!!"#  (!")

, and 𝑠 = ln  (𝜏 𝜏!).  

The parameters 𝜏! for CPE1 and CPE2 are equal to (𝑄!!! 𝑅! 2)
!

!!! and (𝑄!!! 𝑅! 2)
!

!!!, 

respectively.146  In the limit of 0→α , the CPEs reduce to the EDL capacitances for the 

two interfaces and )(τG  becomes extremely sharply peaked at 0τ .  However, 0>α

implies that )(τG extends far into the range of long relaxation times, as is seen in the 

plots on logarithmic scale, FIG. 5.7 (b). 
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FIG. 5.7.  (a) Distributions of relaxation times for CPE1 and CPE2 when the applied voltage is 0 V 

on linear scale.  (b) The same distributions on logarithmic scale also indicating the relaxation 

times associated with the current paths parallel to the CPEs. 
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We note that even the presence of two CPEs (and 𝑅!) cannot account for all of 

the complex structure of the phase angle in the range ω < 104 sec-1.  Specifically, the 

minimum of the phase angle near 102 sec-1 and the low phase angle near 3 sec-1 require 

the introduction of parallel current paths.  Evidently, the distribution of relaxation times 

to be associated with the CPEs does not contain sufficient weight at long relaxation 

times, on the order of 10-2 sec or even 1 sec.  We therefore add suitable RC paths in 

parallel to the CPEs.  With these additional elements the low frequency admittance 

spectrum can be represented by the model. 

In order to create the fits for the current vs. voltage experiments with a linear 

voltage ramp (FIG 5.4), the periodic zigzag voltage is Fourier transformed, 𝑉 𝜔 =

ℱ{𝑉 𝑡 }, and the current is subsequently calculated using the admittance 𝑌 𝜔  obtained 

from the fits shown in FIG 5.3: 𝐼 𝑡 = ℱ!!{𝑉 𝜔 ∗ 𝑌 𝜔 ]} 

A slight improvement in the accuracy is obtained by interpolating linearly 

between the 𝑌 𝜔  fits obtained at DC bias voltage of 0 V and -0.5 V.  In order to create 

the fits for the displacement current with a step voltage (FIG 5.5), an analogous 

procedure is used.  Overall, the results obtained from the equivalent circuit model are in 

satisfactory agreement with the measured data.  

As indicated above, the CPEs with the parameters obtained here can be viewed as 

representing certain distributions of relaxation times.  These distributions are plotted in 

FIG 5.7.  Both distributions have peaks in the vicinity of 1 µsec, which may be thought of 

as the ideal EDL RC time.  However, both distributions also have significant magnitude 

at much longer times.  These longer relaxation times may be associated with the 
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penetration of ions into intergranular grooves in the electrodes, or it may simply be an 

effect associated with ion-ion correlation, which is clearly important due to the very high 

ion density.141,147,148  Finally, we remarked that additional longer relaxation times are 

apparently needed to account for the low frequency response.  These times are indicated 

as 𝜏! and 𝜏! in FIG 5.7.  We may speculate that they arise either at device edges where 

the establishment of an optimized ion distribution is particularly difficult, or perhaps they 

are associated with ion adsorption effects. 

Although we do not expect significant charge transfer between the ions of the 

liquid and the gold contacts, such a faradaic process may exist.  Because of the very slow 

relaxation a true DC current is difficult to measure.  Based on the step voltage response 

data obtained here we estimate that a faradaic current component would be less than 10-7 

A/cm2 at 0.5 V, corresponding to a parallel resistance of 107 Ωcm2.  This additional 

current path would primarily impact the dynamics at very low frequencies.  However, as 

is seen in the current response to the linear voltage ramp, the present model appears to 

hold up well down to ω ~ 0.3 sec-1. 

 

 

5.3 Conclusion 

 

We characterize the dynamics of a pyrrolidinium fluoroalkylphosphate ionic 

liquid in a M/IL/M structure based on experimental data and an equivalent circuit model.  

The admittance spectrum shows a rich frequency dependence indicative of rather 
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complex relaxation processes that can describe the formation and removal of EDLs at the 

two electrode/IL interfaces.  The range of frequencies for which the admittance was 

measured was 3 sec-1 < ω < 107 sec-1, and these data were used to determine the 

parameters of an equivalent circuit model.  Subsequent comparison of the results of that 

model with current vs. voltage measurements for different V(t) profiles yielded 

satisfactory agreement, even though the latter relies on extrapolated admittance values for 

frequencies lower than those of the experimental data range.  It is clear that the dynamical 

response of devices that contain ILs as an effective ‘dielectric’ is quite complex.  The 

structure examined here was particularly simple inasmuch as the effect of the gold 

electrodes on the dynamics could be taken to be instantaneous.  This is not the case for 

organic field effect transistors gated with the help of an IL.  In that case, charge carrier 

transit times in the organic material may be comparable to the response times of the IL 

and disentangling these effects will present challenges.149 Further work is underway to 

determine how electrode roughness, surface topography, ion sizes, and temperature affect 

the distribution of relaxation times found in these complex systems.   
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Chapter 6 Summary and suggestions for future work 

 

 

6.1 Summary 

 

Our major work is focused on the theory and the modeling of organic 

semiconductor spintronic devices.  This thesis contains three parts.  First, we investigated 

bulk organic semiconductor spin valves.  Disorder in the semiconductor implies a degree 

of randomness for tunnel injection and extraction of mobile charge and spin carriers.  

This is important for spin-polarized injection and extraction across a ferromagnetic 

metal/organic semiconductor interface.  Within the disorder-induced wide band width, 

the molecular states relatively close to the FM metal Fermi level play a dominant role for 

spin injection and enable large magnetoresistance.  Consequently, large disorder-induced 

bandwidth can improve the device performance. 

Second, the organic molecular tunnel junctions with non-magnetic electrodes 

were researched.  We began with an analytical model for charge carrier transmission and 

investigated the effects of the Coulomb interaction between the tunneling electron and an 

unpaired electron populating an interface state.  This interaction was shown to lead 

different transmission barriers for singlet and triplet states.  Consequently there are 

separate transmission channels for an electron in the emitter contact forming a singlet or 

triplet initial state with the unpaired interface state electron.  Then, we studied the effect 

of spin relaxation, through relatively weak interactions of the electrons with their 
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environment, on the transitions between the singlet and triplet transmission.  We explored 

how an applied magnetic field lifts the degeneracy in the intial state through the Zeeman 

interaction, which suppresses the transitions between singlet/triplet channels.  Thus, a 

strong (weak magnetic field) magneto-resistance is generated with a self-assembled 

monolayer of molecules and non-magnetic contacts.   

Third, we continued the research on spintronic devices made of organic molecule 

self-assembled monolayers but with ferromagnetic contacts.  The analytical model we 

presented for charge carrier transmission through the organic molecular tunnel junctions 

with magnetic electrodes is basically the same as that in the second part, but the density 

of states for different spin directions in the contacts was taken into account.  

Consequently, how the electrons with different spin configuration transport through the 

spin valve could be calculated for both parallel and anti-parallel polarizations of the 

ferromagnetic contacts.  Both positive and weak negative magneto-resistance can be 

generated depending on the spin relaxation in the metals and the molecules.  In the end, 

we compared the FM/molecule/FM model with the Julliere model which does not include 

any electron-electron interaction effects.  In the simplest case, when the incident and 

extracted electrons have the same spin direction and the transmission rates are taken to be 

the same for the different channels, the physical mechanisms of both models are the 

same.   

Besides the spintronic devices, we also investigated the dynamics of an ionic 

liquid, such as the [P14]+[FAP]- used in organic semiconductor field effect transistors, by 

developing an equivalent circuit model for M/IL/M structures and comparing the results 
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with experimental data.  The dynamical response of the formation and removal of EDLs 

at the two electrode/IL interfaces is quite complex.  A wide distribution of relaxation 

times characterizes the processes.  This phenomenon may be attributed to the roughness 

on the electrodes or it may come from correlation effects that control the dynamics of the 

ions.  

 

 

6.2 Suggestions for future work 

 

 At the end of this dissertation, a few suggestions are given for possible future 

work. 

 One topic that requires theoretical work is the temperature dependence of the 

performance of the organic semiconductor spin valves.  The Seebeck effect could 

generate both charge and spin currents.  A microscopic model is required for both bulk 

organic spintronic devices and organic molecular tunnel junctions to describe how a 

temperature difference between the contacts affects the electron interactions, the 

transmission rates and spin injection, and how these phenomena affect the magneto-

resistance. 

For the ionic liquid transistors, the ion behaviors near the interfaces between ion 

liquid/metal (or ion liquid/organic semiconductor) are usually described by one-

dimentional models.  Evidently, this restriction needs to be removed if surface roughness 

and correlation affects are to be understood.  Further work should be done to determine 
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how the electrode roughness, surface topography, ion sizes, and temperature affect the 

distribution of relaxation times in the complex systems. 
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Appendices  

 

 

A. Derivations for singlet state energies and wavefunctions for section 3.3.1  

 

𝑆𝑖𝑛𝑔𝑙𝑒𝑡  𝑀𝑎𝑡𝑟𝑖𝑥 𝑆!!                                             𝑆!!                                            𝑆!"
𝑆!!
𝑆!!
𝑆!"

2𝜀! + 𝑈 𝐽 2 −𝑡!" + 𝐷
𝐽 2𝜀! + 𝑈 2 −𝑡!" + 𝐷

2 −𝑡!" + 𝐷 2 −𝑡!" + 𝐷 𝜀! + 𝜀! + 𝐶 + 𝐽

                                                 

Three different energy levels are obtained by diagonalization.  They are written 

below as equantion (A.1a), (A.1b) and (A.1c).   

𝐸!,! = 𝜀! + 𝜀! − 2 −𝑃/3 𝑠𝑖𝑛 𝜃/3+ 𝜋/6 − 𝐴!/3                                                 (A.1a) 

𝐸!,! = 𝜀! + 𝜀! + 2 −𝑃/3 𝑠𝑖𝑛 𝜃/3− 𝜋/6 − 𝐴!/3                                                 (A.1b) 

𝐸!,! = 𝜀! + 𝜀! + 2 −𝑃/3 𝑐𝑜𝑠 𝜃/3 − 𝐴!/3                                                            (A.1c) 

Here, 𝜀!,! represent the energy levels associated with the two sites in the molecule. 

𝑃 = −𝐴!!/3+ 𝐴! , 𝑄 = 2𝐴!!/27− 𝐴!𝐴!/3+ 𝐴! , 𝐴! = −(𝐶 + 𝐽 + 2𝑈) , 𝐴! = 2𝑈𝐶 +

2𝑈𝐽 − ∆! + 𝑈! − 4(𝑡!" − 𝐷)! − 𝐽!  , 𝐴! = ∆! − 𝑈! 𝐶 + 𝐽 − 4 𝑡!" − 𝐷 !𝐽 +

𝐶 + 𝐽 𝐽! + 4 𝑡!" − 𝐷 !𝑈 , 𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠  [−𝑄 2 / − 𝑃/3 !]  and 0 ≦ 𝜃 ≦ 𝜋 .  

∆= 𝜀! − 𝜀!.  The Coulomb matrix elements 𝑈, 𝐶, 𝐷, 𝐽 are discussed in the main text. 

Equation (A.1a) always corresponds to the lowest energy.  Hence, it is the energy level of 

the principal intermediate (virtual) state in the singlet tunneling process.   

The spatial parts of the singlet wave functions are written as: 
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𝑆(!) = 𝑎!!
(!) 𝑆!! + 𝑎!!

(!) 𝑆!! + 𝑎!"
(!) 𝑆!"                                                                   (A.2) 

Here, 𝜐 = 1,2,3 with 𝜐 = 1 labeling again the lowest energy state.   

The probability amplitudes of a two-electron pair with energy 𝐸!,! , being in 

the 𝑆!! , 𝑆!!  or 𝑆!"  states are: 𝑎!!! = 1, 𝑎!!! = (−2𝜀! − 𝑈 + 𝐸!,! + 𝐽)/(−2𝜀! − 𝑈 +

𝐸!,! + 𝐽) , 𝑎!"! = 𝐽 + 2𝜀! + 𝑈 − 𝐸!,! (−2𝜀! − 𝑈 + 𝐸!,! + 𝐽)/(−2𝜀! − 𝑈 + 𝐸!,! + 𝐽) /

[ 2(𝑡!" − 𝐷)].  After normalization, they become: 

𝑎!!,!!,!"
(!) = 𝑎!!,!!,!"! (𝑎!!!" + 𝑎!!!" + 𝑎!"!" )!/!.   

For the tunneling process, the order of the intermediate state energy levels, 𝐸!,! 

and 𝐸!, plays an important role in determine whether the singlet or the triplet state 

tunneling is more effective.  The result in equation (A.1a) is somewhat complicated; to 

make it more transparent, we analyze the case of: 𝑈 ≫ 𝑡!" − 𝐷, 𝐶, 𝐽; and the energy 

difference between two sites in the molecule is much smaller than the Coulomb 

interaction of two electrons on the same site: ∆≪ 𝑈.  By Taylor expansion equation 

(A.1a) then becomes: 

𝐸!,! = 𝜀! + 𝜀! +
!!!!!!

!
− !!! !

!
+ 4(𝑡!" − 𝐷)! + 3𝛥!/2𝑈!                              (A.3a) 

Therefore the energy difference between singlet and triplet intermediate states is:  

𝐸!,! − 𝐸! =
!!!
!
+ 2𝐽 − !!! !

!
+ 4(𝑡!" − 𝐷)! + 3𝛥!/2𝑈!                                  (A.3b) 

For the simpler case discussed in detail in the main text, ∆= 0, 𝜀! = 𝜀! = 𝜀!, and 

𝑐𝑜𝑠𝜃/3 = (𝑈 − 4𝐽 − 𝐶)/(6 −𝑃/3) is obtained.  Substituting back into equation (A.1a), 

the lowest energy for the singlet state becomes: 
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𝐸!,! = 2𝜀! +
!!!!!!

!
− !!! !

!
+ 4(𝑡!" − 𝐷)!                                                        (A.4a) 

and 

𝐸!,! − 𝐸! =
!!!
!
+ 2𝐽 − !!! !

!
+ 4(𝑡!" − 𝐷)!                                                      (A.4b) 

which is consistent with equantions (3.7) and (3.8a) of the main text.  Thus, 2 𝑈 − 𝐶 𝐽 +

4𝐽! > 4(𝑡!" − 𝐷)! is required to satisfy 𝐸!,! to be greater than 𝐸!.  
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B. Derivations of magneto-resistance for section 3.4.3 

 
The expression for relative the magneto-resistance is shown in the main text 

equantion (3.26): 𝑀𝑅 𝐵! =
!! ! !!! !! ! !!!!

!" ! !!!!
= 𝛿𝑛 !! − 𝛿𝑛 !!!! / 𝛿𝑛 !!!!. 

Several important factors determine how 𝑀𝑅 varies with the applied magnetic 

field: 𝑔!, 𝑔! (∆𝑔),  𝐸!"  (𝐵!"), 𝐵! , 𝜏!, etc.  Certain limiting values for 𝑀𝑅 are readily 

obtained.  Here we explore the effects of ∆𝑔 and 𝐵!" in four limit cases: 

1) ∆𝑔 = 0, 𝐵!" = 0; 

2) ∆𝑔 = 0, 𝐵!"/𝐵! ≫ 1; 

3) ∆𝑔 ≠ 0, 𝐵!" = 0; 

4) ∆𝑔 ≠ 0, 𝐵!"/𝐵! ≫ 1.  

For Cases 1) and 2), ∆𝑔 = 0, and 𝑆 , 𝑇! , 𝑇! , and 𝑇!  are appropriate basis 

states.  The transition rate between 𝑆  and 𝑇! , 𝐽!,!! , is constant.  As the applied 

magnetic field increases, 𝐽!,!±  and 𝐽!!,!±  decrease and approach zero, so the 𝑀𝑅  no 

longer depends on 𝐵!, FIG. 3.9 (a).  The accumulated electrons for the different cases are 

given by: 

1) 𝐵! = 0,∆𝑔 = 0,𝐵!"/𝐵! = 0:     𝛿𝑛! =
(!!!!)!(!!!!)

!!!!!!!!!!!!!!!!!!!!!!!!

!
!!!!

+ !
!!!!

           (B.1a) 

1) 𝐵! ≫ 0,∆𝑔 = 0,𝐵!"/𝐵! = 0:    𝛿𝑛! =
!
!!
+ !!!!!!!

!!!!!!!!!!
                                         (B.1b) 

2) 𝐵! = 0,∆𝑔 = 0,𝐵!"/𝐵! ≫ 1:    𝛿𝑛! =
!
!!
+ !

!!
                                                       (B.1c) 

2) 𝐵! ≫ 0,∆𝑔 = 0,𝐵!"/𝐵! ≫ 1:    𝛿𝑛! =
!
!!
+ !

!!
                                                      (B.1d) 
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The analytic 𝑀𝑅 expression obtained from equantions (B.1a) and (B.1b), for 

∆𝑔 = 0,𝐵!"/𝐵! = 0 is rather lengthy, but readily obtained from equations. (B.1), and the 

result agrees with the plots in the main text. 

However, when 𝐵!"/𝐵! ≫ 1 , transition between 𝑆 ⇆ 𝑇!  and 𝑇± , are 

suppressed, and the 𝛿𝑛 values for 𝐵! = 0 and large 𝐵!  are the same, which yield a 

straightforward relative 𝑀𝑅 𝐵! ≫ 0 = (𝛿𝑛! − 𝛿𝑛!)/𝛿𝑛! = 0.  This is readily seen in 

FIG. 3.9 (a). 

For Cases 3) and 4), ∆𝑔 ≠ 0, 𝐵!" = 0 and 𝐵!"/𝐵! ≫ 1, and + , − , 𝑇! , and 

𝑇!  are appropriate basis states.  When 𝐵! = 0 the results are the same as for ∆𝑔 = 0.   

Hence, the 𝛿𝑛 value for 𝐵! = 0,∆𝑔 ≠ 0,𝐵!"/𝐵! = 0 is the same as 𝛿𝑛!  and that for 

𝐵! = 0,∆𝑔 ≠ 0,𝐵!"/𝐵! ≫ 1 is the same as 𝛿𝑛!.  When 𝐵! ≫ 0, all of the transition 

rates 𝐽!,!, 𝐽!,!±, 𝐽!,!± approach zero and the 𝛿𝑛 values are those of equantion (B.2b) and 

(B.2d): 

3) 𝐵! = 0,∆𝑔 ≠ 0,𝐵!"/𝐵! = 0:    𝛿𝑛! = 𝛿𝑛!                                                            (B.2a) 

3) 𝐵! ≫ 𝐵! ,∆𝑔 ≠ 0,𝐵!"/𝐵! = 0:    δn! =
!

!!!!!
+ !

!!
                                               (B.2b) 

4) 𝐵! = 0,∆𝑔 ≠ 0,𝐵!"/𝐵! ≫ 1:    δn! = δn!                                                           (B.2c) 

4) 𝐵! ≫ 𝐵! ,∆𝑔 ≠ 0,𝐵!"/𝐵! ≫ 1:    δn! =
!

!!!!!
+ !

!!
                                               (B.2d) 

Therefore the analytic 𝑀𝑅  expression for ∆𝑔 ≠ 0,𝐵!"/𝐵! = 0  is again 

complicated, but straightforward to obtain and in agreement with the plots in the main 

text.  For   𝐵!"/𝐵! ≫ 1 , 𝑀𝑅 𝐵! ≫ 0 = (𝛿𝑛! − 𝛿𝑛!)/𝛿𝑛! = − 𝑘! − 𝑘! !/(𝑘! +

𝑘!)(𝑘! + 3𝑘!), which is also presented in the main text. 
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C. Transmission rates of organic molecule tunnel junction with magnetic 

electrodes for section 4.3.2. 

 

 
Appendix FIG. Transmission rates for 𝑘!,𝑇!  (black for parallel and blue for anti-parallel), 

𝑘!,𝑇!  (red for parallel and blue anti-parallel), 𝑘!,+  (black dashed line for both parallel and 

anti-parallel cases), 𝑘!,−  (red dashed line for both parallel and anti-parallel cases) as the initial 

states plotted as functions of 𝜀 with 𝜀! = 𝜀! = 2.5𝑒𝑉.  (a) shows all the four states, (b) shows 

𝑘!,𝑇!  and 𝑘!,𝑇!  states only, (c) is for 𝑘!,+  and 𝑘!,−  states only. The parameters are in 

TABLE 3.1, except  𝑡!" = 1.5𝑒𝑉.  The dashed lines indicate 𝜀!",!.  𝛿𝜀 is 1𝑒𝑉. 
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