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Abstract  
 

Electrons, the fundamental charge carriers in solid-state devices, possess three intrinsic 

properties: mass, charge and spin. Spin is a quantum mechanical property, but can be loosely 

visualized as a tiny “intrinsic” magnetic dipole moment attached to an electron. In conventional 

electron devices, spin magnetic moments point along random directions in space and play no 

significant role in device operation. In the emerging field of “spintronics” the central theme is to 

harness the spin degree of freedom of charge carriers to realize novel data storage and 

information processing technologies. Spintronic devices are already ubiquitous in state-of-the-art 

hard disks with large storage densities.  A concerted global effort is underway to explore various 

spin-based information processing concepts, which can potentially be more energy-efficient than 

traditional charge-based electronics. 

 

In recent years, substantial research has been devoted to understanding carrier spin dynamics in 

metallic multilayers, tunnel junctions and inorganic semiconductors such as silicon, germanium 

and various III-V compounds. On the other hand, π-conjugated organic semiconductors that play 

a crucial role in organic electronics and displays are relatively new materials in the area of 

spintronics. Organic semiconductors offer several advantages (such as mechanical flexibility, 

chemical tunability of physical properties, low-cost and low-temperature processing) compared 

to their inorganic counterparts. The ability to control carrier spin dynamics in organic materials 

will open up possibility of new devices such as flexible non-volatile memories, spin-based 

organic light emitting diodes and spin filters. 
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In this work, we have explored two key spin related phenomena in organic semiconductor 

nanostructures: (a) spin-polarized transport and (b) spin filtering. In the first sub-project, we 

explore spin transport in “nanowire” geometry instead of commonly studied thin film devices. 

Such experiments shed light on the spin relaxation mechanisms in organics and indicate ways to 

minimize such effects. Fabrication of organic nanowires with well-controlled geometry in the 

sub-100 nm range is a non-trivial task, and in this subproject we have developed a novel 

technique for this purpose. Spin transport in rubrene nanowires has been studied, which indicates 

significant suppression of spin relaxation in nanowire geometry compared to rubrene thin films. 

Our experimental data indicates that spin-orbit coupling is the dominant spin relaxation 

mechanism in rubrene nanowires. In the second sub-project, we explore spin filtering 

(transmission of one particular type of spin) through an organic nanostructure in which single 

wall carbon nanotubes (SWCNT) are wrapped with single stranded DNA (ssDNA) molecules. 

Efficient spin filtering has been observed in this system, which may enable magnetless spintronic 

devices in the future. 
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Chapter 1* 
 
 
Introduction. 

1.1   Spintronics: General Overview.  
Solid-state electronics has played a key role in shaping today’s information-based society. What 

lies in the heart of this information technology revolution is the ability to process and store 

binary information using solid-state devices. These functions are often implemented by 

manipulating the charge degree of freedom of carriers (electrons and holes) in solid-state 

systems. For example, realization of the classical binary logic bits (“0” and “1”) requires two 

physically distinguishable states. In computer memories, such states are realized by different 

amounts of charge stored on a capacitor (dynamic random access memory or DRAM) or by two 

distinct voltage levels at some circuit node (static random access memory or SRAM). Processing 

of charge-based logic bits is performed by circuits comprised of switching devices such as 

transistors. An emerging technology named “spintronics” [2], [3] or “spin-based electronics”, on 

the other hand, aims to harness the spin degree of freedom of carriers in lieu of charge to realize 

these core data storage and information processing functionalities [4]–[7]. This technology offers 

unprecedented data storage density and immense potential for realizing “universal memory” and 

energy-efficient computing as described below. 

 

1.1.1  Spintronics in Data Storage.  
The discovery of the giant magnetoresistance (GMR) effect in the late 1980s [8], [9] is the first 

major milestone in the history of spintronics [10], [11] and has revolutionized the data-storage 

industry. The GMR effect, observed in ferromagnetic/nonmagnetic metallic multilayers, offers 

an efficient and scalable method of sensing very weak magnetic fields. This has enabled 

significant reduction of bit size on hard discs without sacrificing the quality of signal detection. 

This development has also resulted in hard drives of smaller form factors, which are now 

ubiquitous in virtually all mobile appliances such as ultra-light netbooks, portable multimedia 

players, digital cameras and camcorders.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*Parts of this chapter have been published in ref. [1]. 
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Spintronic memory (magnetic random access memory or MRAM) chips [12] are emerging as a 

strong contender in the race for “universal memory” [13], which aims to achieve high bit density, 

fast access speed, non-volatility and durability at a low cost. The primitive memory cell (also 

known as the “magnetic tunnel junction” or MTJ) consists of a tunnel barrier of aluminum oxide 

[14] or magnesium oxide [15] separating two ferromagnetic electrodes. The tunneling current is 

“spin-polarized” due to the ferromagnetic electrodes. The tunneling probability (and hence the 

tunneling current) is spin-dependent, and can be controlled by the relative magnetization 

orientations of the ferromagnetic electrodes. Thus the MTJ cell can be in either of two well-

separated states (“high-resistance” or “low-resistance”), which can therefore be utilized to 

encode binary data. This method of storage is nonvolatile since the resistance depends on the 

relative magnetization orientations of the contacts, which remain unaffected when the power is 

switched off. In this respect, MRAMs are similar to flash memories but offer superior read-write 

speed and endurance. Apart from memory cells, MTJs are also finding application in developing 

logic gates [16]. 

 

1.1.2  Spintronics in Information Processing. 
The application of spintronics in the realm of information processing is a relatively new 

endeavor and is motivated by the belief that spintronics may offer a more power-efficient route 

compared to the traditional transistor-based paradigm [17]. Since the inception of silicon-based 

integrated circuits (“chips”) over four decades ago, the integration density of transistors on a chip 

has roughly doubled in every 18 months with concomitant increase in clock speed and 

computational prowess. This trend, commonly referred to as Moore’s law, has been sustained by 

the combined effect of classical Dennard scaling [18] of transistors and gradual introduction of 

non-traditional materials (e.g. high κ dielectric, metal gate) in the fabrication process [19]. A 

fundamental problem associated with the device shrinkage is the issue of power dissipation [5], 

[20]. This constitutes the so-called “Red Brick Wall” [21] on the International Technology 

Roadmap for Semiconductors (ITRS) and calls for ingenious designs to reduce power 

dissipation. This is where spintronics is expected to offer a solution. Spintronic information 

processing can be achieved in three conceptually different ways:  

 

(a) Classical information processing using a monolithic [22] (or “all-spin”) approach [5],  
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(b) Classical information processing using a hybrid [22] (or “charge augmented with spin”) 

approach and  

(c) Quantum information processing using spin qubits [23]. 

 

In the monolithic approach [22], charge does not play any direct role in information coding and 

processing. These tasks are performed by spins. The single spin logic (SSL) paradigm [4], [22] is 

an example of this monolithic approach and utilizes the fact that in the presence of an external 

magnetic field, an electron spin can either be parallel (“upspin”) or antiparallel (“downspin”) to 

the magnetic field. This bistable nature of spin is exploited to encode classical logic bits “0” and 

“1”. Processing of this information is performed by applying a local magnetic field and 

controlling spin-spin interactions. Since this paradigm employs stationary charges and does not 

involve any physical movement of charge carriers (and hence no current), it eliminates the I2R 

type dissipation that accompanies every MOSFET with channel resistance R carrying a current 

of I during switching. Still, a finite amount of energy is dissipated during the bit (spin) flip, but 

this is significantly smaller compared to the MOSFETs [4], [22]. Similar proposals have been 

made which encode logic bits in the magnetizations of nanomagnets i.e. binary data is now 

encoded by a collection of spins instead of a single spin [24], [25]. Here spin manipulation is 

performed via spin torque effect [24] or local magnetic fields [25]. By suitable design, power 

dissipation associated with a bit (magnetization) flip can be reduced to only few kBT [24].  

 

In the so-called “hybrid” approach [22] the goal is to realize transistor switches in which the 

device current is turned on and off by controlling the spin orientations of the charge carriers in 

the channel. The logic operation is otherwise the same as the classical charge-based schemes. 

The first proposal of such device was made in ref. [26]. Since then, many spin transistor models 

have been proposed [4]. Experimental progress in this area has been slow due to poor spin 

injection efficiency and lack of efficient gate control of channel spin polarization. 

 

Finally, the third approach proposes to use spin as a quantum bit (qubit) instead of a classical bit 

as in the single spin logic approach. Spin qubits can be manipulated by an external ac magnetic 

field of specified duration. Universal logic operations can be performed by appropriate choice of 
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the external magnetic field. Such computational schemes, commonly known as “quantum 

computation”, in theory offer immense computational prowess and zero energy dissipation [27].  

 

1.2   Key Elements of Spintronics. 
The basic elements of spintronics are (a) spin injection, (b) transport of injected spins and 

associated spin relaxation and finally (c) spin detection. While extensively studied in the context 

of technologically important inorganic semiconductors such as Si, Ge and III-V compounds [28], 

these phenomena are still relatively poorly understood in organic semiconductors [1]. In this 

section we briefly discuss these key processes, which are closely related to this thesis. 

 

1.2.1   Spin Injection. 
Creation of a non-equilibrium population of spin-polarized charge carriers within an otherwise 

nonmagnetic material is generally termed as “spin injection”. There exist different methods such 

as optical or electrical spin injections [28] that create this non-equilibrium population of spins. In 

case of organics, due to their inherently weak spin-orbit coupling, the optical method is not a 

viable route for spin injection. Therefore, we will restrict the discussion of this phenomenon to 

the electrical case only.  

 

In an all-electrical spin transport experiment, spin injection is achieved by using ferromagnetic 

(transition metals, half-metals or dilute magnetic semiconductors) contacts, commonly described 

as “spin injectors”. In ferromagnets, the carriers at the Fermi level are spin-polarized (in ideal 

half-metals, they are 100% spin polarized). Therefore, carriers injected from a ferromagnet to a 

nonmagnet are expected to be spin-polarized as well. This is the basis of electrical spin injection 

and is illustrated in Figure 1.1 [1]. The nonmagnet can be a metal or a semiconductor. The 

carriers’ ensemble density of states (DOS) spin polarization (PDOS) can be defined as, 

 

PDOS = (N1 – N2)/(N1 + N2)                                                                                                            (1) 

 

where N1 and N2 are the density of states at the Fermi level of carriers with spin magnetic 

moments parallel  and antiparallel to the magnetization of the ferromagnet, respectively. 
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1.2.2   Spin Transport and Spin Relaxation. 
In a typical spintronic device, after injection, the spin polarized carriers travel through the 

nonmagnetic material under the influence of a transport-driving electric field. During their 

transit, different spins interact with their environments differently (spin-orbit, hyperfine and 

carrier-carrier interactions) and their original orientations get changed by various amounts. Thus 

the magnitude (P) of the ensemble spin polarization decreases with time (t) as well as with 

distance (x) measured from the injection point. 

 

 
 
Figure 1.1  Illustration of electrical spin injection (a) and spin relaxation (b). The magnitude of 
the ensemble spin polarization decreases with time and distance implying spin relaxation.  
 
This gradual loss in magnitude of the injected spin polarization is termed spin relaxation. 

Assuming an exponential decay, spin relaxation (or diffusion) length LS (or spin 

relaxation/diffusion time τS) is defined as the distance (duration) over which the spin polarization 

reduces to 1/e times its initial value. For L >> LS (or t >> τS), P ≈ 0, implying a complete loss of 
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spin polarization. In other words, spin relaxation phenomena in the nonmagnet tends to bring the 

non-equilibrium spin polarization back to an equilibrium unpolarized state. In spintronics, since 

the underlying philosophy is to exploit the non-zero spin polarization, one always attempts to 

suppress spin relaxation i.e. enhance spin relaxation length and time in the nonmagnetic material. 

We note that if the spins of all carriers change in unison, then the magnitude of the ensemble 

spin polarization will remain the same but its orientation will change. In this case, spin relaxation 

is suppressed.  

 

There are several mechanisms in solid that are responsible for spin relaxation [22], [29] such as 

(a) Elliott-Yafet, (b) D’yakonov-Perel’, (c) Bir-Aronov-Pikus and (d) hyperfine interaction with 

nuclei [28], [29]. Among these, the first two mechanisms originate from spin-orbit interaction. 

The third one originates from coupling between electron and hole spins, and the last one is due to 

interaction between carrier spins and nuclear spins. It is not clear which of these mechanisms 

plays the most dominant role in organic semiconductors. We briefly discuss these processes in 

the following paragraphs. 

 

(a) Elliott-Yafet Mechanism: In the presence of spin-orbit coupling, Bloch states of a real crystal 

are not pure spin-up or spin-down (with respect to some fixed spin quantization axis) states. 

Instead, they can be represented as an admixture of both spin-up and spin-down states. The 

degree of admixture is a function of the electronic wave vector. As a result, when a momentum 

relaxing scattering event causes a transition between two states with different wave vectors, it 

will also reorient the spin and contribute to spin relaxation. This is the basis of the Elliott-Yafet 

mode [28], [30] of spin relaxation [Figure 1.2 (a)] [1].  

 

(b) D’yakonov-Perel’ Mechanism: The D’yakonov-Perel’ mechanism of spin relaxation is 

dominant in systems which lack inversion symmetry. Examples of such (inorganic) solids are III-

V semiconductors (e.g. GaAs) or II-VI semiconductors (e.g. ZnSe) where inversion symmetry is 

broken by the presence of two distinct atoms in the Bravais lattice. Such kind of asymmetry is 

known as bulk inversion asymmetry [22]. In a disordered organic semiconductor, bulk inversion 

symmetry is absent. Inversion symmetry can also be broken by an external or built-in electric 

field, which makes the conduction band energy profile inversion asymmetric along the direction 
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of the electric field. Such asymmetry is called structural inversion asymmetry. In a disordered 

organic semiconductor, structural inversion asymmetry typically arises from microscopic electric 

fields due to charged impurities and surface states (e.g. dangling molecular bonds). Both types of 

asymmetries result in effective electrostatic potential gradients (or electric fields) that a charge 

carrier experiences. In the rest frame of a moving carrier, this electric field Lorentz transforms to 

an effective magnetic field Beff  whose strength depends on the carrier’s velocity v. A carrier’s 

spin in an inversion asymmetric solid undergoes continuous Larmor precession about Beff 

between two consecutive scattering events. Since the magnitude of Beff is proportional to the 

magnitude of carrier velocity v, it is different for different carriers. Thus, collisions randomize 

Beff and therefore the orientations of the precessing spins. As a result, the ensemble averaged spin 

polarization decays with time. This is the D’yakonov-Perel’ mode [28], [31] of spin relaxation 

[Figure 1.2 (b)].  

 

(c) Bir-Aronov-Pikus Mechanism: The Bir-Aronov-Pikus mechanism of spin relaxation is 

dominant in bipolar semiconductors. The exchange interaction between electrons and holes is 

described by the Hamiltonian H = AS.J δ(r), where A is proportional to the exchange integral 

between the conduction and valence states, J is the angular momentum operator for holes, S is 

the electron spin operator and r is the relative position of the electron and the hole. Now, if the 

hole spin flips (owing to strong spin-orbit interaction in the valence band), then electron-hole 

coupling will make the electron spin flip as well, resulting in spin-relaxation of electrons [28], 

[32]. 

 

(d) Hyperfine Mechanism: Hyperfine interaction is the magnetic interaction between the spin 

magnetic moments of the electrons and the nuclei. This is the dominant spin relaxation 

mechanism for quasi-static carriers, i.e. when carriers are strongly localized in space and have no 

resultant momentum [28], [33]. In that case, they are virtually immune to Elliott-Yafet or 

D’yakonov-Perel’ relaxations since these, as discussed above, require carrier motion. We can 

view the hyperfine mechanism as caused by an effective hyperfine magnetic field (BH), created 

by an ensemble of nuclear spins, which interacts with electron spins and results in dephasing 

[Figure 1.2 (c)]. 

As mentioned before, spin relaxation is detrimental to the operation of any spintronic device, and 
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hence extensive care must be taken to minimize such effects. The active region of the device 

must be smaller than the spin relaxation length in order to observe any spin-related effect. During 

transport of spin-polarized charge carriers, their spin orientations can be changed controllably 

(assuming the absence of any spin relaxation events) by external gate electric fields via spin-orbit 

interactions. Such schemes are the basis of many spintronic devices including the celebrated spin 

field effect transistor (spin-FET) [26]. 

Figure 1.2  Schematic description of various spin relaxation mechanisms in the context of 
organic semiconductors. Carrier hopping between localized states has been shown. Spin 
relaxation via (a) Elliott-Yafet, (b) D’yakonov-Perel’ and (c) Hyperfine interaction. 
 

1.2.3   Spin Detection. 
Spin detection is essentially the inverse of spin injection process. Ferromagnets can be used as 

“electrical” spin detectors since they offer different transmission probabilities to different spin 

polarizations. Device resistance depends on the relative angle between carrier spin polarization 

and the magnetization of the ferromagnetic detector. 
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1.2.4   Spin Valve Experiment. 
Spin relaxation length (LS) and spin relaxation time (τS) in a nonmagnetic material can be 

extracted by performing a spin-valve experiment. A spin-valve is a trilayered construct, in which 

the nonmagnetic material of interest is sandwiched between two ferromagnetic electrodes of 

different coercivities [Figure 1.3] [1]. Unlike giant magnetoresistive devices, these ferromagnets 

are not magnetically coupled with each other. As a result, their magnetizations can be 

independently switched by a global magnetic field. One of these ferromagnets acts as an 

“electrical” spin injector i.e. under an applied electrical bias it injects spins (from the quasi-Fermi 

level) into the nonmagnet. Electrical spin injection from a ferromagnet has been discussed before 

in section 1.2.1. The second ferromagnet also provides unequal spin-up and spin-down DOS at 

the (quasi) Fermi level and preferentially transmits spins of one particular orientation. For the 

simplicity of discussion, let us assume that the detector ferromagnet transmits (blocks) 

completely the spins that are parallel to its own majority (minority) spins or the magnetization of 

the detector. The transmission probability (T) of an electron through the detector is then 

proportional to cos2θ/2 whereθis the angle between the spin orientation of the electron arriving 

at the detector interface and the magnetization of the detector ferromagnet [4]. This means that if 

(a) the magnetizations of the ferromagnets are parallel, (b) the injector injects majority spins and 

(c) there is no spin flip or spin relaxation in the spacer or the interfaces, the transmission 

coefficient should be unity (since θ = 0) which will result in a small device resistance. Similarly, 

when the magnetizations are antiparallel (and other two conditions remain same as before), the 

transmission coefficient should be zero (since θ = π), and in this case one should observe large 

device resistance. In a real device, there is always some spread in the value of θ since both 

majority and minority spins are injected, and different electrons undergo different degrees of spin 

relaxation before arriving at the detector interface. This makes θ different for different electrons. 

As a result, ensemble averaging over all the electrons makes the resistance finite even when the 

magnetizations of the two ferromagnetic contacts are antiparallel. Nonetheless, if the length of 

the nonmagnetic spacer is smaller than the spin relaxation length, then the resistance is 

measurably larger when the contacts are in antiparallel orientation than when they are in parallel 

orientation.  

From the above discussion it follows that, if one of the ferromagnets preferentially transmits 

(either injects or detects) minority spins, then resistance of the spin valve will be large (small) in 
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a parallel (antiparallel) configuration. This is sometimes referred to as the “inverse spin valve” 

effect. In a spin-valve experiment, resistance of the device is measured as a function of the 

applied magnetic field (H). The change in resistance between the parallel and antiparallel 

configurations allows one to extract the spin relaxation length (LS) and time (τS) in the 

nonmagnetic spacer. For the following discussion, we will assume a regular spin valve effect i.e. 

low (high) resistance in the parallel (antiparallel) configuration. We will also assume that the 

coercive fields of the two ferromagnets (spin injector and detector) are given by IH1I and IH2I 

with IH1I < IH2I. 

 

First, the spin valve device shown in Figure 1.3 is subjected to a strong saturating magnetic field 

(say IHsatI >> IH2I) which magnetizes both the ferromagnets along the direction of the field. In 

this case, the resistance of this device is RP where the subscript (P) indicates “parallel” 

magnetization configuration. Next, the field is decreased, swept through zero and reversed. At 

this stage, when the magnetic field strength (H) just exceeds IH1I in the reverse direction (i.e. − 

IH2I < H < IH1I), the ferromagnet with the lower coercivity (i.e. IH1I) flips magnetization. Now 

the two ferromagnetic contacts have their magnetizations antiparallel to each other and the 

device resistance is RAP where the subscript (AP) indicates “antiparallel” magnetization 

configuration. For a regular spin valve effect as described above, at H = − IH1I a jump (increase) 

in the device resistance should occur due to a decrease in spin-dependent transmission 

probability. As the magnetic field is made stronger in the same (i.e. reverse) direction, the 

coercive field of the second ferromagnet will be reached (H = − IH2I). At this point the second 

ferromagnet also flips its magnetization direction, which once again places the two ferromagnets 

in a configuration where their magnetizations are parallel. Thus, the resistance drops again to RP 

at H = − IH2I. Therefore, during a single scan of magnetic field from Hsat to − Hsat, a spin valve 

device shows a resistance peak between the coercive fields of the two ferromagnets (i.e. between 

– IH1I and − IH2I). Similarly if the magnetic field is varied from − Hsat  to Hsat, an identical peak 

will be observed between IH1I and IH2I. The spin-valve response is pictorially explained in 

Figure 1.4 [1]. The relative change in device resistance between the parallel and antiparallel 

configurations is the signature of spin injection, transport and detection and is quantified by the 

“spin valve magnetoresistance ratio”, ΔR/R = (RAP − RP) / RP.   
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For the special case when the spacer is a tunnel barrier, this ratio is expressed by the famous 

Julliere formula [34],  
!"
!
= !AP  !  !P

!P
= !!1!2

!!!1!2
                                                                                                        (2) 

where P1 and P2 are the spin polarizations of the density-of-states (DOS) at the Fermi level of the 

two ferromagnetic electrodes. Julliere’s model assumes (a) spins are conserved (no spin 

reorientation/flip occurs) during tunneling and therefore tunneling of up and down spin electrons 

can be viewed as two independent processes and (b) tunneling probability is spin independent 

and conductance for a particular spin species (up/down) is solely determined by the appropriate 

density of states at the two ferromagnets. The quantities P1 and P2 are often equated to the spin 

polarizations of the tunneling current which are independently determined via Meservey-Tedrow 

experiments using an alumina tunnel barrier [35]. It is to be noted that the spin polarization of the 

tunnel current not only depends on the DOS, but also depends on tunnel probability which is 

barrier-dependent and may be different for different electronic states in the ferromagnet. The 

importance of the barrier has been shown in ref. [36]. According to this report, Co exhibits a 

negative spin polarization of tunneling electrons for SrTiO3 barriers but a positive spin 

polarization for alumina barriers.  

 

 
Figure 1.3  Schematic depiction of a spin valve. The spin valve is a trilayered structure where 
the nonmagnetic spacer material is sandwiched between two ferromagnets of different 
coercivities. One of the ferromagnets acts as a spin injector and the other one acts as the spin 
detector.  
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Figure 1.4 Pictorial representation of a spin valve response. The coercivities of the two 
ferromagnets are IH1I and IH2I. This is an example of the positive (or normal) spin valve effect 
since resistance corresponding to antiparallel (AP) magnetization is higher than that of parallel 
(P) configuration.  
 

Julliere’s formula can be extended for thicker nonmagnetic spacers in which spin transport 

occurs via drift-diffusion (crystalline solids) or multiple hopping (disordered solids) instead of 

direct tunneling between the contacts. However, the injector and detector interfaces are assumed 

to have a tunneling (Schottky) barrier, which occurs in many metal/semiconductor interfaces. In 

this situation, spin polarized electrons are injected via the tunnel barrier into the nonmagnet. Let 

us assume that the spin polarization of the injected carriers is P1, which can be determined 

exactly by the Meservey-Tedrow technique. Once in the nonmagnet, these carriers will drift and 

diffuse (or hop) towards the detector contact, under the influence of a transport-driving electric 

field. The spin polarization of the injected carriers (P) decreases with distance (measured from 

the injection point) due to various spin relaxing processes.  Assuming an exponential decay, spin 

relaxation process can be modeled as  

 

𝑃 𝑥 = 𝑃!exp  (−
!
!!
)                                                                                                                (3) 
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where LS is the spin relaxation (or diffusion) length as described before. Exponential decay of 

spin polarization with distance has also been confirmed experimentally [37]. Thus when the 

carriers arrive at the detector interface, their spin polarization becomes 𝑃 𝑑 = 𝑃!exp  (−
!
!!
), 

where d is the distance between the injector and the detector. Now we apply the Julliere formula 

on the tunnel barrier at the detector interface which separates the two spin polarizations P(d) and 

P2. In this case, using equation (2) we have  

!"
!
= !!(!)!!

!!!(!)!!
=

!!!!!!"#  (!
!
!!
)

!!!!!!!"#  (!
!
!!
)
                                                                        (4) 

This is the so-called “modified Julliere formula” which is widely used to estimate LS [38], [39]. 

In almost all applications of this model, the quantities P1 and P2 are taken directly from literature 

[35] and may not represent the exact values of spin polarization relevant for a particular 

experiment. For purely organic or organic-inorganic hybrid barriers, spin polarizations of the 

ferromagnets have been found to be less [37] than the tabulated values [35]. Further, any surface 

contamination of the ferromagnets can also reduce P1 and P2. To include these effects, P1 and P2 

can be replaced by α1P1 and α1P2 respectively where α1, α2 < 1. To determine α1P1 and α1P2 one 

needs to carry out spin dependent tunneling [40], muon spin rotation [41] or two photon 

photoemission experiments [42]. It is straightforward to show that LS,actual  > LS,Julliere where 

LS,actual  (LS,Julliere ) is the LS value without (with) the assumption α1 = α2 = 1. Since α1 and α2 are 

generally unknown, the estimated LS (i.e. LS,Julliere ) provides a lower bound of the actual value 

and should be interpreted accordingly. In spite of this inherent limitation, this model provides 

valuable insight and can be used to obtain a rough estimate of LS. Dependence of LS on 

temperature and bias can be used to shed light on the spin dynamics in the nonmagnet. 

 

1.3   Organic Spintronics. 
As mentioned before, most of the studies in spintronics have been performed on metallic 

systems, tunneling insulators and inorganic semiconductors (e.g. silicon, germanium, gallium 

arsenide, indium arsenide etc.). Organic semiconductors are relatively new entrants in the 

domain of spintronics. Organic semiconductors can be classified in two broad categories: (a) low 

molecular weight compounds and (b) long chain polymers. These materials have some attractive 

features such as inherent structural flexibility, availability of low-cost bulk processing 
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techniques, integrability with inorganic materials and possibility of chemical modification of the 

molecular structure to obtain tailor-made optical and electrical properties. Consequently organic 

materials have found a niche in the silicon dominated electronics market. These materials have 

been used extensively to realize devices such as organic light emitting diodes [43], photovoltaic 

cells [44], field effect transistors [45] and even flash memories [46].  

 

Organic materials are mostly hydrocarbons with a π-conjugated structure (alternating single and 

double bonds). The pZ  orbitals of the sp2 hybridized carbon atoms overlap to form a delocalized π 

electron cloud. The electrons in this region do not belong to a single atom or bond, but belong to 

the entire conjugated molecule or polymer chain. Spin injection from ferromagnet to organic 

occurs via an interfacial tunnel barrier. The transport inside the organic occurs either via the 

highest occupied molecular orbital/lowest unoccupied molecular orbital (HOMO/LUMO) levels 

or by hopping among the defect states within the HOMO-LUMO gap or by a combination of 

both. For inorganic semiconductors, femtosecond optical spectroscopy has been employed for 

quantitative analysis of spin injection and transport [47]. Unfortunately, such methods are not 

viable in organics due to the intrinsic weakness of spin-orbit interaction (SOI) in these materials 

[48]. Therefore, the vast majority of work in the area of “organic spintronics” has employed spin 

valve structures to investigate spin injection and transport in organics. Alternative methods that 

have been developed for organics include (a) Meservey-Tedrow spin polarized tunneling [37],  

(b) muon spin rotation [41],  and (c) two-photon photoemission spectroscopy [42]. The first 

method is only applicable at low temperatures, whereas the remaining two methods are 

significantly complex, require access to sophisticated experimental setups and facilities and are 

not “table-top” type techniques. As a result, spin-valve measurement still remains the most 

commonly used technique for studying spin injection and transport in organics. 

  

1.3.1   Motivation of This Work. 
From a spintronic perspective, organics are important due to two main reasons: (1) First, organic 

semiconductors exhibit very weak spin-orbit interaction and hyperfine coupling, which results in 

long spin lifetimes in such systems [49]. Long spin lifetime is desirable for both single spin logic 

and spin based quantum computing. Spin lifetime can be further enhanced by employing a 

nanowire geometry [39]. However, such studies are rare due to a lack of organic nanowire 
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fabrication techniques. The first part of this thesis (Chapters 2 and 3) addresses this issue. (2) 

Second, spin filtering, which includes injection and detection of spins of specified orientation (or 

polarization), is a key operation in spintronics. As discussed before, electrical spin 

injection/detection (or filtering) is generally achieved by ferromagnetic materials. Unfortunately, 

spin filtering efficiencies of ferromagnets are typically <50%, which limits the overall 

performance of any spintronic device. There exists a growing amount of evidence (mostly 

theoretical) that chiral organic molecules can potentially offer significant improvement in spin 

filtering efficiency [50]–[52]. The second part (Chapters 4 and 5) of this thesis explores spin 

filtering via single wall carbon nanotubes (SWCNTs) wrapped with the organic molecule single 

stranded deoxyribonucleic acid (ssDNA). 

 

1.3.2   Work Completed and Summary of Contributions. 
This section contains a synopsis of our completed work to date. The original contributions 

throughout the different stages of our work are highlighted below. 

 

(1) For fabrication of the nanowire organic spin valve device, we have used anodic aluminum 

oxide (AAO) templates. The AAO template contains an array of well-ordered cylindrical 

nanopores. Formation of nanopores is an outcome of an electrochemical self-assembly process. It 

is essential to create a highly polished aluminum substrate with surface roughness of only a few 

nanometers, in order to obtain well-ordered nanopores of uniform dimension. In the first stage of 

our work (for details, please see Chapter 2 of this thesis and ref. [53]), we have developed a 

novel “chemical polishing” method that results in the desired surface quality. This method has 

several advantages over the conventional electropolishing method [53]. 

 

(2) In the second stage (for details, please see Chapter 2 of this thesis), we have fabricated 

organic nanowires within the nanopores of the AAO template. There are very few reports in 

literature on fabrication of small-molecular organic nanowires in AAO templates. These works 

used a special organic evaporator with the facility of a carrier gas inside the deposition chamber. 

This method, however, does not allow growth of nanowires of arbitrary dimensions. We have 

developed a novel “centrifugation-assisted” technique that allows organic nanowire growth 

within the nanopores of AAO templates [54].   
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(3) In the third stage (for details, please see Chapter 2 of this thesis), we have extensively 

characterized the organic nanowires grown by the above-mentioned technique. In addition to 

field emission scanning electron microscope (FESEM) studies, we have performed X-Ray 

diffraction (XRD), photoluminescence (PL) and Fourier transform infrared spectroscopy (FTIR) 

characterization of these nanowires [54]. 

 

(4) In the fourth stage (for details, please see Chapter 3 of this thesis), we have successfully 

combined the above-mentioned techniques to fabricate rubrene nanowire spin valve devices. 

Rubrene has been selected since based on recent reports this material is expected to show a large 

spin relaxation length [37]. Both electrical and spin transport measurements have been 

performed on rubrene nanowire spin valves. The magnetoresistance data clearly shows the spin 

valve signal, indicating successful spin injection, transport and detection in these devices. 

Suppression of spin relaxation is observed in rubrene nanowires compared to thin films. This 

experiment also sheds light on the possible spin relaxation mechanism in rubrene nanowires. 

Control experiments have been performed to confirm the physical origin of the observed effect 

[55]. 

 

(5) In the fifth stage (for details, please see Chapter 4 of this thesis), we have synthesized and 

dispersed single wall carbon nanotubes wrapped with single-stranded deoxyribonucleic acid 

(ssDNA). We have also characterized these hybrid nanotubes through FESEM, atomic force 

microscopy (AFM), Raman spectroscopy and photoluminescence (PL). We have observed a 

spontaneous alignment of  these hybrids on bare SiO2. 

 

(6) In the sixth stage (for details, please see Chapter 5 of this thesis), we have performed 

electrical transport measurements on the CNT-DNA hybrid nanotubes synthesized in stage five. 

Our experimental results indicate that these hybrid nanotubes can act as efficient spin filters. 

Control experiments have been performed to confirm the physical origin of the observed effect. 

 

1.3.3   Future Directions.	  
As mentioned before, organic materials can act as efficient spin filters and hence improve spin 

injection and detection efficiencies. Based on our experimental results on CNT-DNA hybrids 
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(stage six) and previous works reported by other groups [50]–[52], few attempts could be made 

to explore the spin filtering properties of the following organic systems in a magnetic tunnel 

junction (MTJ) configuration: (1) Double-stranded deoxyribonucleic acid (dsDNA), and (2) 

Single wall carbon nanotube wrapped with single-stranded DNA (ssDNA). Details of these 

possible future projects have been discussed in the last chapter of this thesis.  
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Chapter 2* 

 
Fabrication and Characterization of a Highly Ordered 
Array of Rubrene Nanowires. 
 
In this chapter, we will briefly describe the first, second and third stages of our work. We start 

with a brief overview of the existing methods of organic nanowire fabrication and the limitations 

of these methods. Then we introduce our approach and furnish the experimental results. The spin 

valve measurements on these structures (fourth stage of work) will be presented in the next 

chapter. 

 

2.1   Introduction.  
π-conjugated organic semiconductors have been studied extensively over the last few decades 

due to their unconventional attributes such as tunability of electrical and optical properties by 

chemical modification, structural flexibility, amenability to low-cost bulk processing techniques 

and integrability with inorganic materials [43], [56]. Organic semiconductors can be broadly 

divided into the classes of macromolecular polymers and small molecular weight compounds. 

Nanowires of organic semiconductors are recently attracting increasing interest since this 

geometry often offers enhanced device performance. For example, in case of organic solar cells, 

a promising method of improving efficiency is to achieve nanometer scale interpenetrating 

networks of donor and acceptor materials, with an interfacial distance smaller than the exciton 

diffusion length (∼10–20 nm) in the organic. An ideal configuration that has been proposed for 

these cells consists of an array of vertically aligned donor organic nanowires attached to an 

electrode and surrounded by an acceptor type organic connected to another electrode [57]–[62]. 

Similarly, electrical properties of organic nanowires can be tuned by varying the nanowire 

geometry [63] and can potentially be exploited to develop high-performance transistors that rival 

the performance of amorphous silicon [64]. Finally organic nanowires have recently emerged as 

a promising candidate in the relatively new field of “organic spintronics” [1], [49], [65]. Organic 

materials, due to their weak spin-orbit and hyperfine interactions offer an attractive platform in 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*Parts of this chapter have been published in refs. [53], [54].  
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which spin memory of a carrier can be preserved for sufficiently long time [39], [66]. This makes 

organics a suitable host for spin-based classical and quantum bits [39], [66]. The chemical 

composition of the organics and molecular packing can be changed to control the strengths of 

these interactions [67]–[69] and hence spin lifetime is tunable in such systems. Further, nanowire 

geometry allows identification of the dominant spin relaxation mode in organics [39] and 

investigation of spin-phonon coupling [70], a knowledge of which is a crucial ingredient for 

room-temperature organic spintronics [71].  

 

Despite all the above-mentioned potentials, fabrication of organic molecular semiconductors in 

nanowire shape with controllable geometry and aspect ratio remains a significant challenge. The 

commonly used techniques include submicron lithography, electrospinning, supramolecular self-

assembly in solution and at interfaces, physical vapor transport and template assisted synthesis 

[72]. For the fabrication of high-density arrays of vertically aligned and segmented nanowires, 

template based approaches appear to be more promising. This method offers tight control over 

the geometry of the nanowires and inter-nanowire spacing and can be easily integrated with 

additional fabrication steps to produce functional optical, electronic, optoelectronic and 

spintronic devices [53], [73]. In this work, we use an anodic aluminum oxide (AAO) template for 

the synthesis of organic molecular nanowires. Compared to polymer track etched membranes, 

anodic alumina templates offer better pore ordering and higher pore density. Anodic alumina 

templates also allow a wider range of pore length and diameter and higher thermal and 

mechanical stability compared to soft templates such as block copolymers.  

 

In the past, several groups have reported AAO-based synthesis of long chain polymer nanowires. 

For example, refs. [74], [75] synthesized nanorods and nanotubes of poly(p-phenylene vinylene) 

(PPV) within the pores of AAO template. Polypyrrole (PPy) nanowires have been grown using 

electropolymerization [76], [77]. Arrays of PEDOT nanowires hosted in AAO template have 

been reported in ref. [78]. Among other polymers that have been grown within AAO are PFO 

[79]–[83], F8T2 [82] (solution assisted template wetting), Poly(3-hexylthiophene) [84], 

regioregular polythiophene [85], and P3MT [86] (electrochemical polymerization). The work 

cited above represents a small cross-section of the huge amount of research that has been 

performed to date on polymer nanowire synthesis in AAO template. Refs. [72], [87] provide a 
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comprehensive review of this area. However synthesis of small molecular weight organic 

semiconductors in AAO templates has received limited success in the past [87] in spite of the 

huge technological potential of such materials. Refs. [39], [71], [88], [89] performed evaporation 

of small molecular weight organics within the pores. For small pore diameter (∼50 nm), only a 

very thin layer (∼30 nm) of organic can be deposited [39], [71], [88] within the pore. Prolonged 

evaporation tends to clog the pores and halts the nanowire growth process [54]. For longer 

nanowires it is necessary to employ larger diameter pores (∼200 nm), [89] which is 

unfortunately too wide to provide any significant functional advantage for many device 

applications, and this method therefore does not offer any structural tunability. Refs. [90]–[92] 

reported fabrication of fullerene nanowires within the nanopores via a template wetting method. 

However, in most cases thick commercial templates (∼50 µm thick) with both side open pores 

and large diameter (∼200 nm) were used. Such a method has not produced nanowires in one-

side closed pores presumably due to the presence of trapped air pockets within the pores. We 

note that one-side open pores are more common in device applications where short nanowires are 

required and hence the template is synthesized on a suitable substrate, which provides necessary 

mechanical stability to the fragile template. The ability to fabricate nanowires of molecular 

organics with controllable geometry in the sub-100 nm regime would be an important advance 

since it would allow us to exploit the diverse benefits of nanoscale features in various optical, 

electronic, optoelectronic and spintronic applications where organic materials such as rubrene or 

Alq3 play a pivotal role.  

 

In this chapter, we describe our work on small-molecular organic nanowire growth within the 

cylindrical nanopores of AAO templates. We have successfully synthesized nanowires of four 

different molecular organics [54] that are commonly used in organic photovoltaics, light-emitting 

diodes, transistors and spin valves: (a) rubrene (5,6,11,12-tetraphenylnaphthacene), (b) tris-8 

hydroxyquinoline aluminum (Alq3), (c) fullerene (C60) and (d) PCBM ([6,6]-phenyl- C61-butyric 

acid methyl ester). The cylindrical nanopores of the AAO template are of small diameter (~20-80 

nm), short length (~1 µm) and the templates are supported on a substrate. In the next section we 

describe the synthesis of a nanoporous AAO template. 
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2.2   Synthesis of Hexagonally Ordered Nanopores in AAO (1st Stage of 

Work). 
AAO templates containing hexagonally ordered nanopores have been widely used over the last 

decade for the development of numerous functional nanostructures such as nanoscale sensors, 

computing networks and memories [73], [93]. The long-range pore order requires the starting 

aluminum surface to be extremely smooth. Electropolishing is the most commonly used method 

for surface planarization prior to anodization. While prevalent, this method has several 

limitations in terms of throughput, polishing area and requirement of special experimental setups, 

which introduce additional speed bottlenecks in the intrinsically slow AAO-based 

nanofabrication process. In the first stage of this work, we have developed [53] a new “chemical 

polishing” approach, which circumvents these stumbling blocks in the pretreatment phase and 

offers a viable, simpler, safer and faster alternative to electropolishing.  

 

AAO is characterized by a homogeneous morphology of parallel pores which grow 

perpendicular to the template surface with a narrow distribution of diameter, length and interpore 

spacing, all of which can be easily controlled by suitably choosing the anodization parameters 

such as pH of the electrolyte, anodization voltage and duration of anodization [73], [93]. A wide 

range of materials can be deposited (or grown) selectively within the pores using various 

techniques such as electrodeposition [94], [95], sputtering [96], thermal evaporation [97], pulsed 

laser deposition [98], [99], chemical vapor deposition [100], sol–gel molding [101], filtration 

[102] and high temperature impregnation [103]. Such templates can also be used in conjunction 

with other top-down or self-assembly techniques to produce higher order nanofabrication 

protocols [104]. The steady state pore formation (and their self-assembly in a hexagonal pattern) 

results from a balance between two competing processes [73], [93]: (a) electric field assisted 

dissolution of aluminum oxide (or alumina) at the oxide/electrolyte interface and (b) formation 

of alumina at the oxide/aluminum interface. The pore formation process can be made spatially 

periodic by patterning an extremely smooth aluminum substrate prior to anodization. Long range 

pore ordering is desirable for myriad applications such as nanoscale memories and photonic 

crystals. Lack of surface smoothness prevents self-organization of the pores, and hence virtually 

all experiments that employ AAO start from a pretreatment step in which the aluminum substrate 

is first polished to attain a desired degree of surface smoothness. This smooth surface is then 
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either subjected to (a) multiple anodization-and-etching steps [105]  or (b) a pre-patterning stage 

followed by a single step anodization [106]–[109] to achieve long-range pore order. The former 

method results in a quasi-monodomain structure whereas the latter produces a perfectly ordered 

nanopore lattice. In literature, electropolishing is the most commonly used surface planarization 

technique (see, for example, [105]–[119]. The so-called L1 solution (a mixture of 62 cm3 

perchloric acid, 700 cm3 ethanol, 100 cm3 butyl cellusolve and 137 cm3 distilled water) has been 

studied extensively since it produces different nanoscale patterns under different electropolishing 

conditions [110], [111]. Several other electrolytes such as a perchloric acid–ethanol mixture 

[105], [107], [108], [112], [113], [115], [116], [119] and a mixture of phosphoric acid, sulphuric 

acid, water (or chromic oxide) [114], [117], [118] have also been reported. Interestingly, 

perchloric acid is a common ingredient in most cases and produces better smoothness compared 

to the solutions that do not contain perchloric acid [110], [117]. 

 

While popular, electropolishing (with a solution that contains perchloric acid) comes with 

several practical disadvantages. All of these originate from the fact that hot perchloric acid is a 

hazardous chemical, which requires special handling. For example, during electropolishing the 

electrolyte gets heated and hot perchloric acid is well known for its notoriously strong oxidizing 

properties and its potential to become unstable. This requires continuous cooling of the 

electrolyte during polishing. Even storing of these electrolytes requires a special “perchloric acid 

fume hood” with self-contained wash-down units to inhibit formation of metallic perchlorate 

crystals on the walls of the fume hood and the exhaust ductwork. These crystals are highly 

unstable and shock-sensitive and may ignite or detonate under certain conditions. We note that 

electropolishing is mainly a serial process and with commercial electropolishers (such as Buehler 

Electromet-4), only one sample can be electropolished at a given time resulting in a slow 

throughput. Using custom-built electropolishing setups, it is possible to simultaneously 

electropolish multiple aluminum substrates in parallel in an electrolyte, but again this generates 

larger amounts of heat (compared to the single substrate case) requiring highly efficient heat 

removal from the system [53]. Ultimately the maximum number of substrates that can be 

electropolished simultaneously will be limited by the cooling capacity of the system. The area of 

electropolishing is often limited in commercial electropolishers (e.g. the exposed diameter is ~2 

cm for Buehler). Again, large area polishing can be achieved by custom-made setups but at the 
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cost of higher current and concomitant evolution of larger amounts of heat. We note that one of 

the intrinsic drawbacks of AAO based nanofabrication is its slow processing speed. Recently a 

few approaches have been proposed for accelerating this process [113], [118]. However, the 

factors mentioned above indirectly introduce additional speed bottlenecks, which thwart large-

scale production of high quality AAO templates. Thus an alternative fast polishing technique that 

will avoid these disadvantages and at the same time produce AAO templates of comparable 

quality is highly desirable.  

 

In ref. [53] we have explored a “chemical polishing” process, which was originally invented in 

the 1930s [120]. This method has been rarely used in nanostructure fabrication even though it 

allows parallel processing of a large number of aluminum substrates with arbitrary areas and 

does not necessarily requires perchloric acid. One early work [121] employed a variation of this 

technique for structural investigation of alumina films. In this report, the chemical polishing 

process is characterized by the use of a mixture of nitric and phosphoric acid (note the absence of 

perchloric acid) and an elevated solution temperature. However, use of this process in the AAO 

literature is rare (if any), mostly because of difficulties in controlling the surface smoothness and 

poor quality of the AAO template. We note that ref. [122] studied a similar chemical polishing 

approach, albeit with different polishing reagents and conditions. In this study, the chemical 

polishing produced inferior surface smoothness as compared to the electropolished surface. Ref. 

[119] reported yet another chemical polishing approach which produced a disordered porous 

structures with adverse effects on the parallelism of the pores. In our work, we demonstrate the 

opposite behavior i.e. we first show that the chemical polished surface is more smooth compared 

to the electropolished surface, if the polishing parameters lie in a certain window. The maximum 

size of the aluminum substrate is only limited by the size of the bath, and we have successfully 

(chemical) polished substrates as large as 10 cm ×	 10 cm. After chemical polishing, the entire 

surface is shiny and mirror-like and appears almost identical to the electropolished surface. Next, 

we will show that after anodization of the chemically polished surface, the parallelism of the 

pores is preserved and the template quality is comparable to that of the electropolishing case. 

Thus, the proposed method is a viable, simpler, safer, faster alternative for fabrication of good 

quality AAO templates. Surprisingly, under certain polishing conditions, we observed self-

assembly of highly ordered nanoridge patterns. Such morphologies can be used as mask to 
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produce nanoscale interconnects in crossbar architecture. 

 

We have used 2 cm × 2 cm coupons of high purity unpolished aluminum (99.997%, Alfa Aesar) 

with thicknesses of 250 µm. High purity aluminum is required to avoid potential breakdown 

phenomena and formation of cracks during the oxide formation (anodization) process. These 

unpolished samples have been subjected to the chemical polishing step. The etchant consists of 

15 parts of 68% nitric acid and 85 parts of 85% phosphoric acid. This recipe completely avoids 

perchloric acid and the related hazards discussed before. The etching is performed for various 

durations (2 – 7 min. for the temperature range 45°C–95°C). After etching, the samples are 

neutralized in 1 M sodium hydroxide for 20 min. Surface topography for each polishing 

condition has been studied extensively by atomic force microscopy to determine the optimum 

conditions [53]. Next, we prepared standard electropolished specimens to compare the quality of 

surface finish with the above-mentioned chemical polish method. There exist numerous recipes 

of electropolishing (e.g. [105]–[119]). In this work, we choose the method of refs. [110], [111], 

which has been thoroughly characterized in literature. In this method, the etchant consists of 700 

cm3 ethyl alcohol, 100 cm3 butyl cellusolve, 62 cm3 perchloric acid and 137 cm3 distilled water. 

We employ a commercial Buehler Electromet-4 polisher/etcher apparatus with a polishing area 

~2 cm in diameter. In this setup, the aluminum foil acts as the anode and remains in contact with 

the L1 electrolyte. Electropolishing is carried out under a dc bias of 45 volts for 10 s. Under 

these conditions, electropolishing current density is ~3 A/cm2 which results in evolution of 

considerable amounts of heat. The electrolyte is cooled down by passing cold water through the 

cooling coils, which are in physical contact with the electrolyte. Cooling the electrolyte is 

necessary for two reasons: (a) using hot electrolyte for polishing results in visible imperfections 

and defects on the surface; and more importantly (b) hot perchloric acid is potentially explosive 

and can cause safety hazards. The electrolyte is vigorously stirred during electropolishing in 

order to prevent material congregation on the aluminum substrate. It is to be noted that the 

above-mentioned parameter set for electropolishing has been chosen from early work in this 

area, which extensively characterized surface smoothness as a function of various 

electropolishing parameters. In these studies, longer electropolishing time did not show 

significant improvement in surface roughness [111]. However, in principle it may be possible to 

obtain better surface smoothness for a separate set of electropolishing conditions. Even in such a 
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case, the purely chemical method we performed will still remain a simpler, safer and faster 

alternative. 

 

Finally, we perform multistep anodization on the chemical polished samples to examine the 

quality of the porous structures. Multistep anodization is a standard process for fabrication of 

ordered nanopores on the alumina template and has been investigated by many authors (e.g. 

[105]). Briefly, a polished piece of aluminum is anodized for short time (~15 min, 3% oxalic 

acid and 40 V dc at room temperature), which results in a thin layer of nanoporous oxide on the 

metal. These pores are distributed somewhat randomly on the surface. This thin oxide is 

dissolved out in hot (60 °C) chromic-phosphoric acid. Then, the sample is re-anodized (under the 

same conditions) for a long time (10–12 h) to form a thick layer of nanoporous film on the 

surface. Long time anodization reduces the defects and dislocations in the sample. This oxide 

layer is again removed by dissolving in hot chromic–phosphoric acid. Removal of this oxide 

leaves an array of highly ordered “dimples” on the metal surface. For the subsequent (and final) 

anodization process, these dimples act as initiation sites for the pores. The final step of 

anodization is carried out for the appropriate duration (under same conditions as in the previous 

steps) to attain the desired film thickness. All anodization processes in this work have been 

carried out with a platinum mesh counterelectrode. 

 

Figure 2.1 (a) Two dimensional AFM topographic image of an unpolished sample for 20 µm 
scan size. The maximum height variation and standard deviation (σ0) over the entire surface are 
378 nm and 47.5 nm, respectively. (b) Roughness profile along the diagonal line shown in (a). 
Along this line, the peak-to-peak height variation is ~275 nm. Such roughness makes these 
samples unsuitable for attaining long-range pore order after anodization. 
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The anodized area is typically composed of several µm2 size “domains”. The defects and 

imperfections tend to accumulate at the domain boundaries. Near perfect pore ordering is 

obtained within each domain. The arrangement of pores varies slightly from one domain to 

another. Further improvement in pore ordering can be obtained via imprinting techniques. We 

show that after multistep anodization, it is possible to grow AAO templates with large area 

domains on chemically polished samples. The domain areas of these templates are comparable to 

those grown on electropolished substrates. Thus, using chemical polishing we are not sacrificing 

the template quality (as compared to electropolishing) but are able to avoid the speed bottlenecks 

associated with the electropolishing protocol. Thus chemical polishing approach is more 

appealing for fast fabrication of high quality AAO samples in a simple and less hazardous 

fashion. 

 

The surface characterization has been performed using an Atomic Force Microscope (AFM). The 

typical values of scan rate, force constant and resonant frequency were 1 Hz, 42 N/m, and 300 

kHz, respectively. The radius of curvature of the AFM tip is <10 nm including the aluminum 

reflex coating. Characterization of the nanopores after multistep anodization has been performed 

by a field emission scanning electron microscope (FESEM). 

 

To characterize and compare the surface roughnesses under different polishing conditions, we 

use two statistical parameters [123]–[126]: (a) standard deviation (σ) of the distribution of 

surface heights and (b) height correlation length (l). The standard deviation is calculated using 

the formula [124], [127]: 
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where N2 is the total number of pixels in the image, zi is the height of the ith pixel, 𝑧	   is the 

average height of the image and 〈〉 indicates averaging over five non-overlapping areas of the 

same scan size. However, σ or the shape of the height distribution do not provide the information 

regarding spatial distribution of the heights. This can be obtained from the two-dimensional 

height autocorrelation function, which has the following (unnormalized) form:	  
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                                                                                                 (2) 

where (p, q) indicates the so-called lag vector β and (i, j) is the position vector in the xy plane. 

The correlation length l is defined as [125] 

( ) 12 (0,0)C l C
e

=                                                                                                                          (3) 

Physically, the correlation length indicates the distance (or lag IβI) over which the “memory” of 

the initial height is retained. Beyond this distance, the two points on the surface can be 

considered as statistically independent. Computation of the normalized autocorrelation function 

(C0) is performed by the following routine [53]: 
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where z(i, j) represents the image height at (i, j), 𝑧	  	  is the image height as defined before, and 𝑧p,q	  

is the mean height of the shifted image z(i+p, j+q). The correlation length is defined as in Eq. (3). 

Using these two parameters (σ, l), we determine the optimum conditions for chemical polishing 

and compare this result with the electropolished case. The AFM images are the raw data without 

any artificial filtering or smoothing.	  

Figure 2.2 Dependence of (a) standard deviation (σ) of the height distributions and (b) 
correlation length (〈l〉) on polishing temperature. Each data point is the average of five non-
overlapping areas of same scan size. Etching time is five minutes in each case. The lines through 
the data points are guides to the eye. 
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Figure 2.3 Dependence of (a) standard deviation of the height distributions (σ) and (b) 
correlation length (〈l〉) on etching time. Each data point is the average of five non-overlapping 
areas of same scan size. Etching temperature is 85°C in each case. The lines through the data 
points are guides to the eye.	   
 
Figure 2.1 (a) shows the AFM image of a typical as-received unpolished aluminum foil. The 

parallel trenches are readily observed, which result from the rolling of the aluminum foil. The 

height variation over the entire surface is ~ 378 nm, and the standard deviation σ0 is 47.5 nm. 

The depth profile along a direction transverse to the trenches is shown in Figure 2.1 (b). Such 

roughness makes these unpolished substrates unsuitable for attaining long-range order 

nanopores. This calls for a surface polishing step.  

 

First, we employ the chemical polishing procedure as described earlier in this section. In contrast 

with the electropolishing case where polishing voltage (along with temperature and duration) 

plays a crucial role in determining surface features [110], [111], here we have only two 

parameters (etchant temperature and duration of etching) to optimize. Figure 2.2 shows the 

variation of σ and 〈l〉 with temperature. Etching time has been kept fixed for five minutes since 

for longer etching, the whole aluminum substrate is dissolved away at high temperatures. We 

observe that σ shows a pronounced minimum and 〈l〉 attains a maximum at 85°C, indicating that 

the best surface smoothness is obtained at 85°C. Similarly, we plot σ and 〈l〉 as a function of 

etching time (for a fixed temperature of 85°C) in Figure 2.3. The optimum etching time is five 

minutes. Longer etching tends to dissolve away the entire substrate whereas shorter etching 
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leaves rough features on the surface. The σ values are typically bigger for larger scan sizes since 

larger areas contain more variations in height. The l (and 〈l〉) values are, however, relatively 

independent of scan size, as expected. 

 

Figure 2.4 (a) Surface morphology of a chemical polished sample for polishing temperature of 
85°C and duration of 5 min. The peak-to-peak height variation and the standard deviation (σ0) 
over the entire surface (20 µm ×	 20 µm) are 66.5 nm and 4.93 nm, respectively. (b) Height trace 
along the diagonal line in (a). The peak-to-peak height variation along this line is ∼28.52 nm. 
The height scales are identical to that in Figure 2.1. 
 

Figure 2.4 shows the surface morphology of a chemical polished aluminum foil, polishing being 

performed for 5 min at 85°C. The parallel trenches of the unpolished specimen (Figure 2.1) are 

no longer visible and the peak-to-peak roughness (over the entire area) has reduced to ~ 66.5 nm 

and σ0 = 4.93 nm. If we take σ0 as a guide, this data indicates almost an order of magnitude 

improvement in surface smoothness over the unpolished case. Note that both images have the 

same scale for surface heights. 

 

Next, we compare this method with the standard electropolishing results. Figure 2.5 shows the 

surface morphology of an electropolished aluminum foil. Electropolishing has been performed 

according to the process outlined previously in this section. The peak-to-peak roughness is ~ 

83.74 nm and σ0 = 5.68 nm over an area of 20 µm ×	 20 µm, which are significantly lower 

compared to the unpolished case but slightly higher than the chemical polished sample (Figure 

2.4). To further confirm this dependence of surface roughness on polishing conditions, we 

compare the height histograms of a different set of samples which exhibit (a) σ0 = 68.4 nm 
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(unpolished), (b) σ0 = 6.9 nm (electropolished) and (c) σ0 = 5.47 nm (chemical polished) for the 

20 µm scan size in Figure 2.6. The chemical polished sample clearly shows the smallest standard 

deviation and indicates most smooth surface, which is consistent with the previous set of 

samples, which correspond to Figures 2.1, 2.4 and 2.5. The difference in surface roughness can 

also be seen immediately from Figure 2.7, which compares the three-dimensional presentation of 

the AFM topographic images shown in Figures 2.1, 2.4 and 2.5. Polished specimens are 

observably smoother than the unpolished one. More importantly, the chemical polishing method 

reported above produces surfaces, which are comparable or slightly better than the 

electropolished surfaces. 

 

 
Figure 2.5 (a) Surface morphology of an electropolished sample. The polishing parameters are 
described in the text. The peak-to-peak variation and standard deviation (σ0) over the entire 
surface (20 µm ×	 20 µm) are 83.74 nm and 5.68 nm, respectively. (b) Height trace along the 
diagonal line in (a). The peak-to-peak height variation along this line is ~31.83 nm. The height 
scales are identical to those in Figures 2.1 and 2.4. 
 

In Figure 2.8 we compare the correlation lengths for these three surfaces. The unpolished 

aluminum shows a correlation length of 12 nm whereas electropolished and chemical polished 

samples have correlation lengths of 39 nm and 40 nm, respectively. This data is consistent with 

the observation made above regarding the surface quality of the chemical polished specimens. 
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Figure 2.6 Height histograms for (a) unpolished, (b) electropolished and (c) chemical polished 
specimens for a scan size of 20 µm. The continuous curves represent Gaussian fits with standard 
deviations (σ0) of 68.4 nm, 6.9 nm and 5.47 nm, respectively. The polishing conditions are the 
same as in previous figures. 
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Figure 2.7 Three-dimensional representations of the AFM topographic data for (a) unpolished 
(Figure 2.1), (b) electropolished (Figure 2.5) and (c) chemical polished (Figure 2.4) samples. 
 
Table 1 summarizes the average standard deviation (σ  = 〈σ0〉) and average correlation length 

(〈l〉) for unpolished, electropolished and chemical polished specimens. The average has been 

calculated over five different areas with the same scan size of 20 µm. For the electropolished 

surface, σ = 8.92 nm (〈l〉	  = 56 nm) whereas σ (〈l〉) for chemical polished samples is 7.1 (62) nm. 
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The σ (〈l〉) for an unpolished sample has a much higher (lower) value of 70 (12) nm. Thus, we 

conclude that compared to electropolishing, chemical polishing can produce similar (or slightly 

better) surface smoothness under certain conditions. It now remains to be seen if chemical 

polishing has any adverse effect on pore formation and their regimentation. 
 

 
Figure 2.8 Normalized height autocorrelation functions for (top) unpolished (Figure 2.1), 
(middle) electropolished (Figure 2.5) and (bottom) chemical polished (Figure 2.4) samples. The 
correlation lengths (measured from C0 = 1) are 12 nm, 39 nm and 40 nm, respectively. The lag 
vector ( β ) in the xy plane is in nm. The polishing conditions are the same as in previous figures. 

 
 
Table 2.1 
σ and 〈l〉 of the images for different polishing conditions. Chemical polishing has been done 
under the optimum conditions of 85°C and 5 min (ref. Figures. 2.2 and 2.3). Scan size is 20 µm ×	 
20 µm. 
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Figure 2.9 (a) and (b) show the top and cross-sectional view of an AAO template fabricated by 

multistep anodization on a chemical polished aluminum substrate. The pores are clearly visible 

and form a well-regimented array within domains separated by defects and imperfections. To 

quantify the area of the perfectly ordered domain, we follow the method used in [128]. Figure 

2.10 (a) and (b) show the schematic description and FESEM image of perfect hexagonally 

ordered pores, respectively. One pore is chosen randomly as a reference and diagonal lines are 

drawn along three close packing directions. Within an ordered domain, the pores will lie on these 

diagonals. If the diagonals have n pores, the area of the regular hexagon will be given by 

( )22
0

3 3 1 , 3,5,7,.......
8

S D n n= − =                                                                                               (5) 

where S is the area of the regular hexagon and D0 is the interpore separation (~110 nm in our 

samples). We use this formula to calculate the most probable domain size in our samples. For 

this calculation, we first determine the most probable value of n, following the steps described 

below [128].  

 

Figure 2.9 (a) FESEM image of the top surface after multistep anodization on a chemical 
polished (85°C, 5 min) sample. Before chemical polishing, the aluminum foil was annealed at 
500°C for three hours. (b) A FESEM image of the cross section of the template. Pore ordering 
and pore straightness are simultaneously visible. The inset shows a magnified image of the cross-
section. 
 

First, we selected random pores on the 20 K magnification SEM images taken at different 

locations of the same sample. Next step was to draw three diagonal lines along three close 

packing directions. The diagonals are terminated at domain boundaries beyond which the pores 

no longer necessarily lie on the diagonal. We have repeated this process for 40 random pores in 
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different locations on the sample. For each position, there are three different n values. Finally we 

plotted the histogram of all these n values (total 40 ×	 3 = 120) in Figure 2.10 (c) and performed 

a Gaussian fitting. The most probable value for n is 21.16, as determined from this distribution. 

The average domain area, using the formula mentioned above, turns out to be 3.19 µm2 with a 

standard deviation of 0.064 µm2. 

 

Figure 2.10 (a) Schematic representation of the hexagonal pore arrangement. A random pore at 
the center has been chosen as the reference and three diagonal lines along the close packing 
directions are shown. (b) A FESEM image of a part of a hexagonally ordered domain. (c) 
Distribution for n (the number of pores lying on a diagonal line). 
 

These numbers are comparable with previous studies (e.g. [128]), which characterized domain 

sizes after multistep anodization on electropolished specimens. This study reported a maximum 

domain area of 2.6 ± 0.11 µm2 after rigorous preprocessing that includes extensive annealing 
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combined with both chemical and electropolishing. Here, we show that a comparable (or even 

better) porous structure can be obtained just by chemical polishing. This method is also faster 

and safer as described before. We also note that Figure 2.9 is in sharp contrast with previous 

studies (e.g. [119]), which reported disordered pore arrangement as a result of chemical 

polishing. The current-time transients during anodization (not shown) are nominally identical to 

the electropolished case and the pore initiation process starts within the first few seconds. Thus, 

the described chemical polishing method is a viable alternative for the standard electropolishing 

protocol. The domain size can be further improved by tuning the annealing parameters 

(temperature, time [128]) prior to the polishing step. Long-range pore order can be achieved by 

using prepatterning techniques [106]–[109] on the chemical polished surface. 

 

 
 
 
Figure 2.11 A FESEM image of nanopore arrays with nominal pore diameter of ~20 nm. The 
diagonal lines indicate the hexagonal close packing directions. 
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Highly ordered nanopores of different diameters were successfully synthesized on chemical 

polished surfaces. For example, anodization using 0.3 M sulphuric acid and 25 V dc results in 

nanopore arrays with nominal pore diameter of 20 nm (Figure 2.11). Similarly, anodization using 

1.6 M malonic acid and 120 V dc produces nanopore arrays with nominal pore diameter of 200 

nm. It is to be noted that chemical polishing is much more convenient than electropolishing 

especially when lateral anodization of aluminum substrate is required. This type of anodization 

has recently attracted significant attention since it opens the possibility of synthesizing three 

terminal devices using AAO technique [129], [130]. 

 

 

Figure 2.12 (a) AFM image, (b) line plot and (c) three dimensional topography of a chemical 
polished sample at a polishing temperature of 90°C. The thickness (FWHM) of the ridges are ~ 
100 nm. The periodicity is ~ 0.5 µm and the peak to valley ratio is ~ 6. 
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We would also like to make an intriguing observation about the surface topography beyond the 

optimum polishing temperature. While the smoothest surface is obtained for an etchant 

temperature of 85°C, nanoscale ridges begin to evolve at ~ 90°C. Such a configuration is shown 

in Figure 2.12. The peak to trough ratio is ~ 6 with a periodicity of ~ 0.5 µm. The ridges are 

parallel, extend over several microns, and have a full width half maximum height of ~ 0.1 µm. 

Such patterns can be potentially exploited as a mask to develop crossbars for nanoscale memory 

circuits [110], [111].  

 

In the first stage of our work, we have demonstrated a chemical polishing technique which offers 

a simpler, faster and safer route for aluminum pretreatment prior to anodization. This work is 

intended to draw renewed attention on the oft-overlooked chemical polishing method which has 

several advantages over the commonly employed electropolishing approach. We have performed 

an extensive study of the surface roughness which shows that this method produces similar (or 

better) results compared to electropolishing. Additionally, this process (a) is parallel with faster 

throughput (i.e. multiple aluminum substrates with arbitrary areas can be processed 

simultaneously), (b) is amenable to large area polishing and (c) avoids perchloric acid and 

related hazards altogether. Ordered nanopores are formed after multistep anodization of chemical 

polished surfaces. Nanopore formation process is essentially identical to that in the 

electropolished case. Under certain polishing conditions, parallel nanoridges are formed which 

can be further processed to fabricate parallel arrays of nanoscale crossbars. Such structures are 

the linchpins of many nanoscale memories and computing architectures. 

 

2.3   Centrifugation-Assisted Growth of Organic Nanowire in AAO Template. 

(2nd Stage of Work). 
In the second stage of this work, our goal was to grow organic nanowires within the cylindrical 

nanopores of the AAO template. We developed a novel, reagentless, one-step process that 

produces an array of vertically oriented organic nanowires within AAO matrix. Unlike other 

organic nanowire growth methods, this process does not require special apparatus [54]. This 

method also allows fabrication of axially heterostructured metal-organic bilayer hybrid 

nanowires, permits direct electrical contact at the two ends of the nanowires and therefore can be 

used for synthesis of various functional organic nanowire devices.  
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Preparation of nanoporous anodic alumina templates has been performed by two-step 

anodization of chemically polished aluminum foils, [53], [73] as described in the previous 

section. Pore lengths of several hundred nanometers with diameter and interpore spacing tunable 

in the sub-100 nm range are required for applications in organic photovoltaics and spintronics 

since for small molecule organics, the relevant length scales (exciton diffusion length and spin 

relaxation length, respectively) are typically in this range [39], [65], [131], [132]. As mentioned 

before, nanowire conductivity can also be controlled by varying nanowire diameter in sub-100 

nm regime [63]. The anodization parameters are therefore tuned to generate array features lying 

in this size range. Figure 2.13 shows field emission scanning electron microscopic (FESEM) 

images of a pristine (unfilled) oxalic acid anodized AAO template used for synthesizing organic 

nanowires. In this case, nominal pore diameter is 50 nm, pore length is 1 µm, and wall thickness 

between neighboring pores is 50 nm. The pores are straight with no signature of branching 

(Figure 2.13, main image), have narrow size distribution and exhibit a hexagonal ordering 

(Figure 2.13, bottom inset).  

 

There exists a uniform alumina barrier layer of thickness 30 nm at the pore bottom (Figure 2.13, 

main image), which needs to be removed for electrical transport experiments. This can be 

achieved by a pore-side etching technique, which removes the barrier layer with simultaneous 

widening of the pores (Figure 2.13, top inset). For the removal of the barrier layer we immersed 

the AAO in 5% phosphoric acid at room temperature for ~ 25 -70 mins., depending on the 

thickness of the barrier layer. For transport characterization, organic nanowires are grown within 

such pores and the nanowires are therefore in direct contact with the aluminum substrate, which 

acts as the bottom electrode. It is important to note that this pore growth process can be executed 

on arbitrary substrates like glass, indium tin oxide (ITO), silicon, etc. [133]–[135] and a recent 

work has also shown independent control over pore diameter and interpore spacing [136]. 

Therefore, using the growth mode described in this work, it is possible to synthesize organic 

nanowire arrays with controllable geometry on arbitrary substrates as required by a specific 

application. In this work, we demonstrate the growth method of organic nanowires using 

aluminum foil as the substrate. 
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Figure 2.13 Templated synthesis of molecular organic nanowires. (main image) Cross-sectional 
view of an as-prepared pristine AAO template, synthesized by oxalic acid anodization. The 
nominal pore diameter is 50 nm. An insulating non-porous barrier layer (30 nm thick) is visible 
at the pore bottom. (bottom inset) Top view of the template, illustrating hexagonal arrangement 
of the nanopores. The arrow indicates wall thickness of 50 nm. (top inset) Cross-sectional view 
of the template after pore-side etching. The arrow indicates removal of the barrier layer. 
 

Standard template wetting techniques typically involve placing few drops of the organic solution 

on the nanoporous template [54]. The solution enters the pores via capillary action and after 

evaporation of the solvent, organic material remains inside the nanopores and forms nanowires. 

As mentioned in the introduction section of this chapter, many groups have used this method 

successfully in the past to fabricate nanowire arrays of long chain polymers. Unfortunately, this 

process does not work for small-molecular weight organics. To drive the organic material within 

the nanopores, we coupled the traditional template wetting technique with a simultaneous fixed 

angle centrifugation process. The centrifugal force on the solvent thrusts the organic solution 

within the pores and after evaporation of the solvent, the trapped organic material forms 

nanowires within the cylindrical nanopores. The experimental setup for organic growth is shown 

in Figure 2.14 (a). The nanoporous templates are loaded in the centrifugation tubes and are 
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completely immersed in a saturated solution of organics. The centrifugation is carried out at 

4000 rpm for 5 min. The samples are not removed from the solution prior to the complete 

evaporation (room temperature) of the organic solvent. The top surface of the template is 

repeatedly cleaned by the same organic solvent. This cleaning step does not affect the nanowires 

hosted within the pores. To confirm the ingression of organic within the nanopores, we have 

exposed the nanowire tips from the backside of the template by sequential etching of aluminum 

and the barrier layer. The cleaned top surface was covered with a sacrificial polymer for 

mechanical stability of the submicron- thick templates.  

 

Figure 2.14 (b) shows the oblique cross-sectional FESEM images of the rubrene nanowires 

synthesized within the template (main image). The nanowire tips are clearly visible from the 

backside of the template (top insets). Some of these tips have merged together due to prolonged 

removal of the supporting AAO host matrix (top left inset). The top right inset shows the 

nanowire tips after short-time etching of alumina from the backside. In this case, no merging has 

occurred. In general, we find that after short time etching of the template, the nanowires match 

perfectly to the contours of the host anodic alumina template. However, after long time etching, 

the exposed tips tend to have slightly larger diameter than the nanopores. This “swelling” occurs 

because during the etching process, the aqueous solvents expand the organic nanowires and the 

expanded shape does not return to its original form even after drying. A similar effect has been 

reported before in the context of template grown polymer nanowires [74].  

 
Figure 2.15 (a) shows Alq3 nanowires grown in 50 nm pores. The nanowires tend to coalesce 

after removal of the host template. The inset shows the Alq3 nanowire tips imaged from the 

backside of the template. In all cases the FESEM images indicate near complete filling of most 

of the pores and demonstrate the efficiency of this process for high yield production of well 

ordered array of vertically oriented organic molecular nanowires. Figure 2.15 (a) and (b) show 

narrower diameter (20 nm) organic nanowires synthesized in sulphuric acid anodized AAO 

templates. In this case, both pore diameter and wall thickness are smaller (∼20 nm, Figure 2.11) 

than before. Organic nanowires can still be grown within such narrow pores via the same method 

described above. Figures 2.15 (b) and (c) show released and bunched nanowires of rubrene and 

Alq3, respectively after (near complete) removal of the host AAO matrix.  
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Figure 2.14  (a) Illustration of the fixed-angle centrifugation-assisted growth method for growth 
of molecular organic nanowires. The empty AAO templates are loaded in a standard commercial 
centrifuge, which is filled with organic solutions. Centrifugation is performed under the 
conditions specified in the text. (b)  (main image) Oblique, cross-sectional view of the rubrene 
nanowires (70 nm diameters) grown within the AAO template. (top right inset) Rubrene 
nanowire tips exposed from the backside of the template after slight removal of alumina matrix. 
(top left inset) Rubrene nanowire tips merge together (shown by circle) after continued removal 
of the host matrix. 
 

This method of organic growth can easily be coupled with traditional electrodeposition process 

to synthesize axially heterostructured metal-organic bilayer nanowires. To achieve this, we first 

deposit metal at the pore bottom from a slightly acidic solution of an appropriate metal-salt using 

standard dc (or ac) electrodeposition [53], [73]. Next organic nanowires are grown on top of the 

metal nanowire segments using the process described above. We note that a wide range of metals 

(Au, Ag, Cu, Ni, Co and many others) can be deposited within the pores of an AAO template and 

hence in this method organic nanowires can be easily interfaced with a metal electrode with an 

appropriate work function suitable for device applications. Later in Chapter 3, we will discuss 

the transport properties of Co-organic (rubrene) axially heterostructured bilayer nanowires.  
 

Figure 2.16 (a) shows the typical outcome when the traditional template-wetting method 

(without centrifugation) or physical vapor deposition (without carrier gas) is used to grow 

organic nanowires within AAO templates. The organic does not enter the pores in these cases. 

Physical vapor deposition of organic (without any carrier gas) for extended time also results in a 

thick layer on the top surface as shown in Figure 2.16 (b). 
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Figure 2.15 (a) (main image) Alq3 nanowire tips exposed from the backside of the template. 
Wire diameter is 70 nm and some merging (circle) is visible. (inset) Alq3 nanowire tips (arrow) 
after slight removal of the alumina. (b) Rubrene nanowires released from the template. (c) Alq3 
nanowires released from the template. In (b) and (c), the nanowires coalesce together due to the 
removal of the host AAO matrix, as shown by the circles. 
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Figure 2.16 (a) Cross-sectional image of the template after traditional template-wetting cycle 
using rubrene solution. A thick layer of rubrene is visible on the top surface but the pores are 
empty. (b) Cross-sectional image of the template after physical vapor deposition of rubrene 
(without carrier gas). Again, a thick layer of rubrene is visible on the top surface but the pores 
are empty. 
 
2.4   Characterization of Rubrene Nanowires. (3rd Stage of Work).  
Prior to conducting electrical transport measurements, we performed a few characterization 

experiments with the aim of understanding relevant crystallographic, electronic and optical 

properties of rubrene nanowires grown in AAO. We performed low angle X-ray diffraction 

(XRD), Fourier transform infrared (FTIR) spectroscopy and photoluminescence (PL) 

measurements on the organic nanowires grown by the above method [54]. Details of these 

experiments are provided below. 

 

2.4.1   X-ray Diffraction (XRD). 
To investigate the crystallinity of the as-grown organic nanowires, low angle XRD (LAXRD) 

data has been acquired for the organic nanowire arrays hosted in the anodic alumina matrix. For 

this study, the top surface of the sample is repeatedly cleaned by acetone to remove any residual 

thin film layer, and then the nanowire tips are exposed by partial etching of the template in 5% 

phosphoric acid [54]. Figure 2.17 (a) shows the typical LAXRD diffractograms observed for the 

following samples: (i) annealed rubrene nanowires, (ii) as-grown (unannealed) rubrene 

nanowires and (iii) blank alumina template with same thermal history as of (i). Figure 2.17 (a) 
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(inset) shows the molecular structure of rubrene. Absence of any diffraction peaks indicates the 

amorphous nature of the as-grown rubrene nanowires. The host alumina matrix does not exhibit 

any observable peak either in the scan range employed. This is in agreement with prior studies 

such as refs. [81]–[83]. However, the crystallinity of rubrene nanowires is significantly improved 

even after a short time (∼15 min) annealing at a moderate temperature of ∼200°C. Further 

optimization of the annealing parameters may result in better crystallinity of the rubrene 

nanowires.  

 

The peak positions and relative intensities of rubrene nanowires [Figure 2.17 (a), post annealing] 

have close resemblance with those observed for single crystal rubrene and wide rubrene 

nanowires (∼200 nm diameter) grown by physical vapor transport [89]. For single crystal 

rubrene, a very sharp crystalline peak occurs at 2θ ≈ 6.7º, which originates from the (002) plane. 

This agrees well with Figure 2.17 (a) and indicates strong π – π stacking along the b axis and a 

high degree of crystallinity along the a – b plane for the rubrene nanowires [54], [89]. We note 

that rubrene nanowires grown by physical vapor transport exhibit much weaker response at this 

angle and indicates lower degree of crystallinity [54], [89]. The rest of the peaks for single 

crystal rubrene occur at 2θ values 12°, 14°, 20° and 27°, which correspond to (010), (004), (006) 

and (008) planes respectively [89]. These peaks are also present in the XRD spectrum of our 

nanowire structures. Two additional peaks in the nanowire XRD spectrum [Figure 2.17 (a)] 

occur at 2θ values 17° and 24°, which represent (300) and (020) planes, respectively. Similar 

peaks (albeit weaker) have been reported earlier [89] and were attributed to constrained growth 

of the organic nanowire within limited space of the pore. In our pattern, we observe another new 

peak at ∼18° (2θ) which may originate from enhanced space constraints imposed by smaller 

diameter pores. We note that there are two major differences between our rubrene nanowire and 

the vapor phase grown nanowires [54], [89]. First, the former is essentially a solution-based 

method whereas the latter employs physical vapor transport as the growth mode. The second 

difference lies in the geometry of the nanowires. As discussed before, our nanowires are ∼1 µm 

long with ∼50-70 nm diameter whereas the nanowires reported in ref. [89] are ∼50 µm in length 

with ∼200 nm diameter. These factors can lead to different molecular packing within the pores 
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and hence different diffraction peaks. Nevertheless, the presence of the characteristic peaks in 

the LAXRD pattern confirms the growth and high degree of crystallinity of rubrene nanowires 

within the AAO templates. Further optimization of the annealing parameters is expected to 

improve the molecular arrangement. 

 

 
Figure 2.17  (a) XRD spectra of blank AAO, unannealed and annealed rubrene nanowires grown 
in AAO. (Inset) Molecular structure of rubrene. (b) FTIR transmission spectra for rubrene 
powder and nanowires in the mid-infrared regime. (c) Photoluminescence spectra for rubrene 
powder and nanowires. All data were acquired at room temperature.  
 

2.4.2   Fourier Transform Infrared (FTIR) Spectroscopy. 
The tips of the organic nanowires near the top-surface of the template are exposed to ambient air 

and are therefore prone to oxidation [137]. The nanowire tips at the bottom surface are however 

protected by the host alumina matrix, if the barrier layer is not removed. To examine the bonds 

in as-grown unoxidized organic nanowires, we have therefore performed attenuated total 

reflection (ATR) Fourier transform infrared (FTIR) measurements on the nanowire/barrier layer 

interface (to a depth > 50 nm, much larger than barrier layer thickness (10–30 nm) in the mid-

infrared regime and have compared the data with bulk organic powder. To prepare such samples, 

we protected the top surface of the nanowires by a polymer coating and then the aluminum 

substrate was dissolved in a mercuric chloride solution. The organic nanowires were never in 

direct contact with this etchant and effect of such contaminants is therefore minimized in the 

FTIR response. Figure 2.17 (b) shows the representative results obtained from rubrene nanowires 

at room temperature. The data has been acquired after subtracting the background response 

originating from ambient air and host alumina template. For rubrene nanowires, the characteristic 

peaks have close resemblance with rubrene crystal and powder reported before [138], [139]. The 
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three closely spaced peaks at ∼3000 cm−1 [Figure 2.17 (b)] are typically associated with C-H 

bond stretching [138] and are present in both powder and nanowire spectra. The remaining peaks 

originate from the skeletal vibration of ring [Figure 2.17 (a) inset] and are also present in both 

spectra.  

 

2.4.3   Photoluminescence (PL) Measurements. 
Figure 2.17 (c) shows the photoluminescence (PL) spectrum (excitation wavelength 532 nm) 

obtained from rubrene nanowires and bulk powder at room temperature. For nanowire samples, 

the main peak appears at ∼570 nm (which corresponds to photon energy of ∼2.1 eV and the 

HOMO-LUMO gap of rubrene) and a shoulder peak occurs at ∼600 nm. This agrees well with 

the PL spectra of single crystal rubrene [89], [137], [139] and organic vapor transport grown 

nanowire rubrene [89] reported before. For bulk powder, the main peak shifts to a higher 

wavelength (∼600 nm) due to oxidation of rubrene powder [137], [139]. 

 

2.5   Characterization Equipments. 
The following equipments have been used for the above-mentioned studies: 

(a) Atomic Force Microscope (Asylum Research, MFP-3D) was used under ambient conditions 

with a standard tetrahedral silicon tip (Olympus, OMCLAC160TS- W2) for AFM imaging. 
(b) For FESEM imaging of organic nanowire arrays, a JEOL 6301 F field emission scanning 

electron microscope (10 KV accelerating voltage) has been employed. The organic-filled 

templates are mounted on SEM stubs using double-sided carbon tapes and coated with chrome 

before imaging. 

(c) XRD has been performed in Rigaku Ultima IV operating at 40KV and 44mA using a copper 

anode. 

(d) FTIR characterization has been done by Thermo scientific Nicolet 8700 with smart 

speculator. 

(e) Photoluminescence studies have been performed using Thermo Nicolet Almega XR Raman 

Microscope. 
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Thus the characterization experiments confirm growth of rubrene nanowires within AAO 

templates. We note that this is the first report of growth of rubrene nanowires within sub-100 nm 

diameter nanopores. In this chapter we have summarized the key results. Further details are 

available in ref. [54]. In the next chapter, we will discuss the 4th stage of our research in which 

we fabricate rubrene nanowire spin valve devices and study their magnetoresistance 

characteristics.  
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Chapter 3* 

 
 
Spin Injection and Transport in Rubrene Nanowires. 
 
In this chapter, we describe the fourth stage of our work, which is comprised of spin injection 

and transport studies in rubrene nanowires. These nanowires have been fabricated using the 

techniques described in Chapter 2. In fact, for spin transport studies, we have extended this 

technique to fabricate axially heterostructured metal-organic nanowires. Details are provided 

below, after a short introduction on organic spin valves. 

 

3.1   Introduction.  
As discussed in chapter 1, in an organic spin valve a layer of organic semiconductor is 

sandwiched between two ferromagnetic electrodes (spin injector and detector). In these devices, 

organic material acts as the medium for spin transport. In the literature, both lateral and vertical 

device geometries have been explored [1], [65], [141]. In all of these devices, a (planar) thin film 

of organic has been used. Reports on organic nanowire spin valves are relatively rare due to the 

complexities involved in the fabrication process. However, nanowire geometry [39], [88] can 

potentially introduce additional features that are not available for thin films. For example, it has 

been proposed that a “spin admixture parameter” plays a crucial role in determining the spin 

relaxation length in organics [68], [69]. The strength of this parameter depends on the growth 

process and the orientation and packing of organic molecules. It is known that organic nanowires 

grown in nanoporous anodic aluminum oxide (AAO) template exhibit different molecular 

packings, which are not observed in organic thin films [54], [89]. Therefore, template-grown 

organic nanowires are expected to exhibit different spin transport characteristics compared to 

thin films, which can potentially assist in understanding of the underlying spin transport 

mechanism. Additionally, a high-density array of vertically standing nanowire spin valves is a 

versatile architecture since it can be patterned to develop organic-based spintronic memories. In 

this chapter, we describe the fabrication of a rubrene nanowire spin valve and the results of 

electrical and spin transport measurements performed on this device [55].  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*Parts of this chapter have been published in ref. [55], [140].	  
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3.2   Synthesis of a Rubrene Nanowire Spin Valve. 
We have fabricated an organic (rubrene) nanowire spin valve array consisting of cobalt (Co) 

nanowire/rubrene nanowire/nickel (Ni) thin film, using a combination of bottom-up 

electrochemical self-assembly [53], electrodeposition and centrifugation assisted organic growth 

technique as described in Chapter 2 [54]. The bottom-up electrochemical self-assembly 

comprises two steps, pretreatment of the aluminum foil by chemical polishing and multistep 

anodization. These two steps have been extensively described in the previous chapter. After the 

formation of nanopores, there exists a barrier layer at each pore bottom. This layer needs to be 

removed for performing further transport experiments.   

 

 
 
Figure 3.1  (a) FESEM image of rubrene nanowires liberated from the host AAO matrix. (Inset) 
Co-rubrene nanowire heterojunction. (b) Schematic of the Co-rubrene-Ni spin valve. The 
magnetic field (B) has been applied parallel to the nanowire axis (easy axis) and perpendicular to 
the Ni thin film (hard axis). (c) Rigid energy band diagram of the spin valve. Defect states are 
shown in the HOMO-LUMO gap. 
 
 
We have removed this barrier layer by a “pore-side etching” technique described in section 2.3. 

The final pore diameter is 70 nm with a length of 500 nm. Note that we have optimized the 

anodization parameters to obtain this length. Next, Co is electrodeposited at the bottom of the 

pores. The electrodeposition time is optimized such that the resulting Co nanowires are ~200 nm 

in length. For longer deposition times, Co nanowire segments tend to become non-uniform in 

length with occasional overfilling of the pores. Next, rubrene nanowires (~300 nm length) are 

grown on top of Co using the centrifugation-assisted technique described in section 2.2. Longer 
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rubrene nanowires do not exhibit any spin valve signal, which is consistent with the transport 

model described in the next section.  

 

Figure 3.1 (a) shows the cross-sectional field emission scanning electron microscopic (FESEM) 

image of rubrene nanowires liberated from the host AAO template. The nanowires are solid, long 

(~300 nm), uniform, and continuous, and hence the possibility of pinhole channels can be 

excluded. Inset of Figure 3.1 (a) shows the Co-rubrene interface. The top surface of the template 

is cleaned with acetone to remove any rubrene residues. Finally, Ni is deposited on the top via 

electron beam evaporation. Gold wires are attached using silver paste to the top Ni and bottom 

Al, which forms an ohmic contact with the Co nanowires.  

 

Figure 3.1 (b) shows the schematic depiction of the spin valve device. For electrical and 

magnetoresistance measurements, the host AAO template is kept intact, which also isolates 

neighboring nanowires and prevents pinhole shorts. The rigid energy band diagram for the spin 

valve structure is shown in Figure 3.1 (c). In general, trap states exist between the HOMO 

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) levels of 

rubrene. The trap states located in the vicinity of the Fermi level participate in conduction at low 

bias [142], [143]. 

 

3.3   Electrical and Spin Transport Experiments.  
Figures 3.2 (a-d) show magnetoresistance measurements performed on Co nanowire/rubrene 

nanowire/Ni spin valves at four different temperatures [55]. The magnetic field has been applied 

parallel to the nanowire axis (easy axis) and perpendicular to the Ni thin film (hard axis). A 

negative background magnetoresistance (i.e., decreasing device resistance with increasing 

strength of the external magnetic field) is present in all plots. We note that such background 

magnetoresistance is a common occurrence in organic spin valves [88] and can have different 

origins [71], [144], [145]. More importantly, in Figures 3.2 (a-d), we observe positive peaks in 

the device resistance superimposed on the negative background magnetoresistance. These peaks 

occur between the coercive fields of top Ni film (~180 G at 8K) and bottom Co nanowire (~1400 

G, at 8K), which have been extensively characterized before [146], [147]. Such peaks are the 
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signatures of a “normal spin valve” effect. The coercive field of Co nanowires decreases with 

increasing temperature.  

 

Figure 3.3 (left) shows the temperature dependence of the coercive field of Co nanowires as 

determined from the magnetoresistance measurements [Figure 3.2]. Previous studies on 

transition metal nanowires have demonstrated a linear decrease of coercivity with temperature 

[147]. The extrapolation from Figure 3.3 (left) yields a coercive field value of 689 G at 295K. 

We have performed vibrating sample magnetometer (VSM) measurements at room temperature 

on Co nanowires (embedded in AAO) of similar geometry as in the actual spin valve device. 

From this measurement, we obtain a coercive field value of 680 G [Figure 3.3 (middle)], which 

is in good agreement with the extrapolated value obtained from Figure 3.3 (left). We have 

performed room temperature VSM measurement on a Ni thin film [Figure 3.3 (right)]. The 

coercive field in this plot is ~170 G, which is slightly smaller than the low-temperature coercive 

field values (~180 G) obtained from the magnetoresistance measurements [Figure 3.3 (left)]. We 

note that compared to Co nanowires, the coercive field of top e-beam evaporated Ni thin film has 

very weak dependence on temperature. The normal spin valve peaks in Figures 3.2 (a-d), 

together with the control experiments described below, indicate occurrence of spin injection and 

transport in the rubrene nanowires. 

 

Spin valve effects in rubrene thin films have been reported earlier [37], [142], [143]. To estimate 

the degree of spin relaxation in these devices, we have used the “modified Julliere formula” (eqn. 

4, Chapter 1) and have extracted the lower bound of the spin relaxation length LS [38], [39]. In 

the modified Julliere formula, 𝑃1 = 0.33 and 𝑃2 = 0.42 are the tunneling spin polarizations of Ni 

and Co, respectively [35], 𝑑 is the length of rubrene nanowire (~300 nm) and  
!"
!

  is the spin 

valve magnetoresistance ratio where 𝛥𝑅  is the height of the spin-valve peak and R is the 

baseline resistance. From Figures 3.2 (a-d) and using the modified Julliere formula, the spin 

diffusion length (LS) in rubrene nanowires is calculated to be ~47.4 nm and ~46.3 nm at 8K and 

100K, respectively. These lengths are significantly higher than previously reported values in 

rubrene thin films [37], [142], [143]. Reference [37] reported this length to be 13.3 nm (0.45K), 

and using the modified Julliere formula, we have calculated this value to be 5.2 nm (100K) and 
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~10 nm (10K) from refs. [142] and [143], respectively. Figure 3.2 (e)  (bottom inset) shows the 

temperature dependence of normalized spin-valve magnetoresistance 
!"
!

.  

  

Figure 3.2  (a)–(d) Magnetoresistance of a Co-rubrene nanowire (amorphous)-Ni spin valve at 
four different temperatures. The spin valve peak height (~150 mΩ) is much larger than the 
resolution (~1 mΩ) of our measuring device (picotest multimeter). (e) (Bottom inset) Spin valve 
magnetoresistance vs. temperature. (Main image) Spin relaxation length vs. temperature. (Top 
inset) Spin relaxation time vs. temperature. (f) Current-voltage characteristics of the spin valve 
device as a function of temperature. (Top inset) ln(R) vs. T−1/4 at 0.5 V. Three-dimensional 
variable range hopping fit to the high temperature data is shown by the red line. (Bottom inset) 
Magnetoresistance of Co-rubrene nanowire (annealed)-Ni spin valve. 
 

According to the modified Julliere model, a decrease of magnetoresistance (MR) with 

temperature indicates two possibilities. First, spin polarizations of the ferromagnetic electrodes 

can decrease with increasing temperature or second, enhanced spin relaxation occurs (i.e., 

decreasing LS) within the organic at higher temperatures. Since the Curie temperatures of Co and 

Ni are significantly higher than the maximum temperature (100K) in this plot, the latter 

possibility is more likely. Figure 3.3 (e)  (main image) shows the dependence of LS on 

temperature (T). We note that rubrene nanowire length (d ~300 nm) is significantly large 

compared to LS, which is consistent with the small  magnetoresistance  values  observed  in  
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Figures 3.2 (a-d). The spin valve effect persists up to 100K. We note that the calculated spin 

relaxation length actually represents a lower bound (discussed previously in Chapter 1), since we 

have assumed no loss of spin polarization at the ferromagnet-rubrene interface. Figure 3.2 (e) 

also shows that LS is almost independent of temperature in the 8K–100K range. This is consistent 

with other organic semiconductor nanowires [39]. 

 

 
 
Figure 3.3 (Left) Coercive field of Co nanowire as a function of temperature. (Middle) Room 
temperature magnetization curve of Co nanowires embedded in AAO. The Co nanowires have 
same dimensions as the Co contacts in actual spin valve devices. (Right) Room temperature 
magnetization curve of e-beam evaporated Ni thin film. 
 

We have performed an order-of-magnitude estimate of the spin relaxation time (τS) from LS 

calculated above and available mobility data of amorphous  rubrene (µ ~10-6 cm2 /Vs) [37], 

[148].  Figure 3.2 (e)  (top inset) shows τS as a function of temperature (T). Spin relaxation time 

and lengths are related through the equation, τS = eLS
2 /kBTµ [39]. Since mobility is expected to 

be even smaller at lower temperatures, we find τS > 2.5 ms at 100K. Such extremely long spin 

relaxation time makes amorphous rubrene nanowire a promising platform for implementing a 

classical single spin logic paradigm.  

 

Current-voltage (I–V) characteristics of rubrene nanowire spin valves are shown in Figure 3.2 (f). 

The characteristics are symmetric in the bias range [−1.25, 1.25 V] and do not show any 

rectification effect. This can be attributed to similar coupling with the top and bottom contacts 

[Figure 3.1 (c)]. The I–V characteristics are non-linear and device resistance [R=(dI/dV)-1] 

decreases as the temperature is increased. This indicates that the organic nanowires have a 

nonmetallic behavior and, combined with the disordered nature of these systems [Fig. 2.4 (a)], 



	  
	  

55 

suggests hopping as the dominant transport mechanism [54], [149]. The top inset of Figure 3.2 

(f) shows that ln(R) vs. T−1/4 plot is linear at higher temperature and low bias, which indicates 

Mott’s three-dimensional variable range hopping is the appropriate transport model in this 

regime [37], [54], [149]. At lower temperature (< 80K), thermal energy fails to sustain hopping 

and resistance tends to saturate in this temperature regime. Tunneling between molecular states is 

likely the dominant conduction mechanism in this range [54]. The trap states of the host 

amorphous alumina template are also known to influence the temperature-dependence of the 

nanowire transport characteristics [150]. Non-linearity in the I–V characteristics at high bias 

[Figure 3.2 (f)] often occurs in organic systems and is a signature of electric field induced 

hopping [54], [149]. The observed non-linearity and temperature dependence of I–V 

characteristics imply the absence of metallic pinhole shorts through the organic. 

 

3.4   Control Experiments.  
To confirm that the spin valve peaks observed in our devices [Figures 3.2 (a-d)] are not due to 

any artifact such as anisotropic magnetoresistance (AMR) of the contacts or local Hall effect due 

to stray magnetic fields from the contacts [151], we have performed four control experiments. 

Figures 3.4 (a-d) illustrate representative MR responses for (a) Co nanowire/Ni thin film, (b) Co 

nanowire/rubrene nanowire/Ag thin film, (c) Ag nanowire/rubrene nanowire/Ni thin film, and (d) 

Al/rubrene nanowire/Ag thin film, respectively. No spin valve peak was observed for any of 

these control samples. In control sample (a), typical AMR response is observed, which is 

consistent with previous works [71], [88], [152]. As expected, linear I–V curve with metallic 

temperature dependence has been found in this case (not shown). Also, resistance of this control 

sample is several orders of magnitude smaller than for the spin valve samples due to the absence 

of the rubrene layer. Thus, Figures 3.2 (a-d) cannot be explained by invoking AMR of the 

contacts. Control samples (b) and (c) contain rubrene nanowire and only one ferromagnetic 

contact. These samples have not shown any spin valve peaks, indicating that the MR peaks in 

Figures 3.2 (a-d) do not originate from the fringe magnetic fields of the ferromagnetic contacts 

[151]. However, these samples exhibit a background MR very similar to Figures 3.2 (a-d), which 

can originate from the fringe fields or the organic magnetoresistance (OMAR) of rubrene. 

Finally, control sample (d), which does not contain any ferromagnetic contact, also exhibits a 

very similar negative background MR without any spin valve signal. Thus, we infer that the 
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background MR observed in Figures 3.2 (a-d) and Figures 3.4 (a-d) originates from rubrene and 

represents the so-called OMAR effect [153]. All rubrene-containing control samples exhibit 

nonlinear I–V  characteristics (not shown), nominally identical to the spin valve devices [Figure 

3.2 (f)]. It is well known that OMAR is a characteristic of bulk transport (instead of interface 

effect) [153]. Presence of OMAR in our samples provides additional evidence that transport is 

not dominated by the metal-organic interfaces. Similar negative background magnetoresistance 

has been observed before in rubrene single crystals [144] and thin films [145]. 

 

 

Figure 3.4  Magnetoresistance measurements on four control samples: (a) Co nanowire-Ni thin 
film, (b) Co nanowire-rubrene nanowire-Ag thin film, (c) Ag nanowire-rubrene nanowire-Ni thin 
film, and (d) Al-rubrene nanowire-Ag thin film. 
 
3.5  High-Field Magnetoresistance Effects.  
Fig. 3.5 shows the high field magnetoresistance (MR) effect in rubrene nanowire spin valves at 

four different temperatures. In all cases, a negative background MR is observed at high fields (-1 

– 1T range). At low temperatures, a low-field spin valve response (similar to Fig. 3.2 a-d) is 
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superimposed on this negative background MR. Similar high field negative MR has been 

reported before in rubrene single crystals [144]. This effect was found to decrease rapidly with 

increasing temperature and vanish beyond 200K [144]. Based on this observation, the negative 

MR was attributed to "weak localization" effects [144]. However, the background MR effect 

observed in our experiments is significantly different than that reported in Ref. [144] because of 

two reasons: (a) our negative background MR is relatively insensitive to temperature and persists 

even up to room temperature (Fig. 3.5), and (b) our negative background MR shows sign of 

saturation at ~1T (maximum value of magnetic field that can be applied using our experimental 

set up) as shown in Fig. 3.5. Thus, we believe that weak localization is not the physical 

mechanism behind the high-field background MR observed in our rubrene nanowires. 

 

The high field MR effect in Fig. 3.5 cannot be attributed to artifacts such as anisotropic 

magnetoresistance (AMR) of the ferromagnetic contacts or the "local Hall effect" due to the 

fringing fields of the ferromagnetic contacts. Details of these control experiments have been 

discussed in the last section, and the observed MR has been confirmed to originate from the 

rubrene nanowire spacer itself. 

	  

Background MR effects have been reported before in Alq3 nanowire samples [39], [71], [88]. In 

the case of Alq3 nanowires, a correlation has been observed between the signs of the spin valve 

signal and the background MR. Such effects can be explained qualitatively if one assumes a 

magnetic field dependent spin relaxation length and that spin-orbit interaction is the dominant 

mode of spin relaxation [71]. No such correlation effect has been observed in the case of rubrene 

nanowires. We only observe a positive spin valve effect with a negative high field background 

MR (Fig. 3.5). 

	  

Further, persistence of the background MR effect in higher temperature regimes (>100K) where 

the spin valve signal is absent (Figs. 3.5 c-d) indicates that the background MR is not related to 

spin injection and spin-polarized transport. Thus, based on above discussions it appears that 

"organic magnetoresistance" (OMAR) is the likely origin of the background high-field MR in 

our rubrene nanowires.  
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Figure 3.5 High field magnetoresistance of rubrene nanowire spin valves at four different 
temperatures, (a) 10 K, (b) 40K, (c) 200K, and (d) 300K. Open (closed) symbols indicate field 
scan from left-to-right i.e. -1T to 1T (right-to-left, 1T to -1T). The spin valve peak height (~150 
mΩ) is much larger than the resolution (~1 mΩ) of our measuring device (picotest multimeter). 
 
 
3.6  Possible Spin Relaxation Mechanism.  
Based on our experimental data, we speculate on the dominant spin relaxation mechanism in 

rubrene nanowires. In organics, spin-orbit interaction (SOI) and hyperfine coupling (HC) with 

nuclei are typically the two main spin relaxation mechanisms, and the relative importance of SOI 

and HC varies significantly between organics [67], [154]. Experimental identification of the 

dominant mechanism relies on the qualitatively different temperature, electric field, and 

magnetic field dependence of LS between these processes [154]. For rubrene nanowires, the 

decrease of LS with temperature [Figure 3.2 (e)] suggests dominance of SOI since HC predicts an 
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opposite temperature-dependence of LS [68], [69]. This is because, at elevated temperatures, the 

effective hyperfine magnetic field weakens due to depolarization of the nuclear spin system [71], 

[154]. Further, the hopping frequency increases at higher temperature, leading to shorter waiting 

times at the molecular sites and hence reduced spin precession [155]. Saturation of LS at high 

temperature and gradual increase at lower temperature [Figure 3.2 (e)] is very similar to that 

observed in Alq3 [39], [41], and this feature has recently been quantitatively explained by a 

theoretical framework in which SOI plays the dominant role [68], [69]. If SOI is dominant, the 

spin relaxation length should be given by LS(T) = Ȓ (T)/4γ [68], [69] , where Ȓ (T) is the average 

hopping distance and γ  is the “spin admixture parameter.” The admixture parameter determines 

the amount of “mixing” between spin-up and spin-down states (generally defined by the external 

magnetic field in a spin valve experiment) and is a function of atomic SOI, π-σ energy splitting, 

and the spatial orientation of the molecular orbitals [68], [69]. The orientation of the molecular 

orbitals depends on molecular packing, which is highly sensitive to the organic growth process. 

Atomic SOI and π-σ energy splitting are intrinsic properties of the organic material. The 

significantly higher LS  found in amorphous rubrene nanowires compared to thin films [37], 

[142], [143] indicates the key role of the spin admixture parameter γ, since Ȓ can only be worse 

in solution-grown highly amorphous specimens compared to vacuum deposited thin films [37], 

[142], [143]. We have also performed spin valve measurements on annealed rubrene nanowires, 

which exhibit a higher degree of crystallinity [Figure 2.4 (a)] and possibly higher Ȓ. 

Interestingly, no spin valve signal has been observed in this case [Figure 3.2 (f), bottom inset), 

which can be attributed to the large γ in this sample. This is consistent with refs. [144], [156], 

which did not observe any spin valve signal in high mobility single crystal rubrene. We note that 

LS is almost an order of magnitude higher in rubrene nanowires compared to Alq3 nanowires 

[39]. This is consistent with refs. [68] and [69], which estimated γ to be significantly stronger in 

Alq3 molecules. Therefore, our spin transport measurements indicate the crucial role of 

molecular packing, which affects the spin admixture parameter, on spin relaxation. Such 

structural tunability of spin relaxation is a unique feature of organic materials. 

 

3.7  Temperature Dependence of Spin Relaxation Length.  
The temperature-dependence of spin relaxation length (LS) of rubrene nanowires is shown in Fig. 

3.2 (e). As described in the previous section, the decrease of LS with increasing temperature (T) 
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implies SOI as the dominant spin relaxation mechanism, since in the case of HC, one would 

expect an opposite trend [55]. A recent theoretical work [69] based on SOI has derived the 

expression of LS as a function of hopping distance (Ȓ) and spin admixture parameter (γ) as 

mentioned in the previous section. 

                                       

Compared to previous works, long LS found in our nanowire devices, in spite of a high degree of 

amorphousness and hence low hopping distance, indicates the crucial role of spin admixture 

parameter γ on spin relaxation. The parameter γ critically depends on the growth condition [55]. 

 

We notice from Fig. 3.2 (e) that there is a step-like increase in LS below 20K. The origin of this 

feature is unlikely to be related to the surface spin polarization of the ferromagnetic electrodes 

[157]. In our device, we have used Co and Ni which have very high Curie temperatures (1388K 

for Co and 627K for Ni). Thus, negligible variation in spin injection efficiency is expected 

within this low and narrow temperature range. A similar step-like jump of LS was also observed 

in Alq3 below 40K [41]. No conclusion was made about the mechanism behind this observation 

[41]. However, the SOI-based physical picture mentioned above offers a qualitative explanation 

of this effect. In disordered systems below a critical temperature, strong Coulomb interaction 

between localized electrons creates a gap near the Fermi level [158]. This gap results in a new 

temperature dependence of hopping conductivity, and Mott’s hopping law is modified in this 

regime [158]. Within the framework of Mott’s law, hopping distance Ȓ is related to temperature 

as Ȓ ~ T −1/4 and in the strong Coulomb interaction case it is modified to Ȓ ~ T −1/2 [69].  

According to the relation LS(T) = Ȓ (T)/4γ mentioned before, temperature-dependence of the spin 

relaxation length solely depends on Ȓ(T) since γ is associated with the growth process and is 

relatively temperature-independent. Based on these considerations, variation of LS with 

temperature is expected to be faster in the strong Coulomb interaction regime (at low 

temperature) and comparatively slower in the weak interaction regime (above the critical 

temperature). This is exactly what we observe for rubrene nanowires. 

 

3.8   Characterization Equipments. 
A model 642 electromagnet power supply and Cryotronics 332 Controller from Lake Shore have 

been used as electromagnet current source and temperature controller, respectively. A picotest 
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M3500 multimeter has been used to extract directly the resistance of the device. Each resistance 

value is the average of 50 readings. A 475DSP gauss meter has been used to record the magnetic 

field values. All equipments have been synchronized by LabView VI for data acquisition. 

 

In the fourth stage of our work, we have demonstrated the spin valve effect in amorphous 

rubrene  nanowires. Significant improvement in spin relaxation length has been observed 

compared to the previously reported vacuum-deposited rubrene thin films. Spin-orbit interaction 

appears to be the most likely agent for spin relaxation. Improved crystallinity has been found to 

enhance spin relaxation. This indicates the crucial role of molecular packing, which affects the 

spin admixture parameter. Such structural tunability of spin relaxation is a unique feature of 

organic materials. 
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Chapter 4∗  

 
 
Fabrication and Characterization of ssDNA-SWCNT 
Hybrid Nanotube Devices 
 
In the previous chapters we have demonstrated the feasibility of spin injection and transport in 

organic semiconductor rubrene and the potential advantages of nanowire geometry. In these 

studies, organic nanowires were used as the transport channel for spin-polarized charge carriers. 

We used ferromagnetic contacts (such as Ni, Co) as the injector (and detector) of spin-polarized 

carriers. Now, we focus on another feature of organic spintronics in which organic-based 

materials can act as spin injector or detector. It has been suggested by a few groups [50]–[52] 

that certain organic-based systems can perform as efficient spin filters (i.e. spin injectors and 

detectors). Very few experimental studies exist in this area, and in the present part of this thesis 

(Chapter 4 and 5) we aim to explore this aspect of organic spintronics. Our material of choice is 

single wall carbon nanotubes (SWCNT) that are helically wrapped by single stranded 

deoxyribonucleic acid (ssDNA) molecules. Recent theoretical work [52] has shown that this 

system has the potential to act as a spin filter. However, no experimental work has been reported 

to date on this system. Here we report fabrication, characterization and spin transport 

experiments in ssDNA-SWCNT hybrid nanotube devices. In this chapter, we discuss the fifth 

stage of our work which is the fabrication and characterization of ssDNA-SWCNT hybrid 

nanotubes. Spin transport measurements will be the subject of discussion of Chapter 5 as the 

sixth and final stage of our work. 

 

4.1   Introduction.  
Carbon based materials show great promise for applications both in industry and academia. One 

distinguishing feature of carbon among other group IV elements in the Periodic Table is that it 

can participate in either sp2 or sp3 bond configurations and can form a variety of phases, such as 

diamond, graphite, and fullerenes [159]. Since the discovery of carbon nanotubes  (CNT) in 1991 

[160], they have attracted significant scientific and technological interest owing to their 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*Parts of this chapter will be submitted for publication as a journal article.	  
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promising electronic, optical, chemical and mechanical properties [159]. Beside numerous 

potential applications in nanoelectronics and sensing, CNTs provide an ideal model system to 

study the electrical transport properties of one-dimensional nanostructures and molecules [161], 

[162].   

 

Despite the huge potential of these quasi one dimensional structures, efficient dispersion of CNT 

bundles and directed assembly of CNTs have been difficult tasks mainly due to their poor 

solubility in both aqueous and nonaqueous solutions. Zheng and coworkers reported an efficient 

method of dispersion of single wall carbon nanotube (SWCNT) bundles in aqueous solution by 

ultrasonication in the presence of single stranded deoxyribonucleic acid (ssDNA) [163], [164]. 

This method separates the individual CNTs from as-grown bundles and cuts them into short 

tubes. Subsequently, they have also demonstrated the feasibility of separation of metallic and 

semiconducting tubes by ion exchange chromatography, utilizing the fact that DNA imparts 

negative charge to the DNA-SWCNT hybrid [163], [164]. Efficient dispersion of CNTs is an 

important step towards building any functional device, but directed assembly or alignment of 

them is even more desirable. McLean and co-workers have shown the parallel alignment of 

ssDNA wrapped SWCNTs on SiO2 substrate modified with hydrophobic organosilane films 

[165]. Hopkins and co-workers have reported another method of alignment of CNTs [166]. They 

have utilized a modified inkjet printer as a tool for direct printing and alignment of CNTs. 

Khripin et. al. have used a meniscus alignment method, also called molecular combing, for the 

directed assembly of DNA-SWCNT hybrids [167]. Here, we show that unlike ref. [165], DNA 

wrapped CNTs self-assemble on SiO2 in parallel alignment without any surface modification. 

 

DNA wrapped (functionalized) CNTs have application in separating metallic nanotubes from 

semiconducting nanotubes as mentioned earlier [163], [164]. These hybrid supramolecular 

complexes also have applications in diverse areas such as biological transporters and biosensors 

[168], fibers for artificial muscles [169], bioelectrodes for fuel cells [170], ultrafast detection of 

DNA hybridization [171]–[173], electrochemical sensing [174], polymerization of conducting 

polymer composites [175] and single molecule charge transport [176].  
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4.2   Synthesis of Aligned DNA-SWCNT Hybrid Nanotubes.  
We have used the recipe of Zheng and co-workers to disperse bundled SWCNTs [163], [164]. 

We mixed 1mg of as-produced HiPCO (high-pressure carbon monoxide) nanotube (Carbon 

Nanotechnologies) with 1ml aqueous ssDNA (Integrated DNA Technologies) solution that 

contains nuclease free water and a buffer solution (EDTA) to maintain pH. The mixture solution 

was kept in an ice-water bath and probe-ultrasonicated (Sonics, VC 130 PB) for 90 minutes at a 

power level of 8W. After sonication the samples were centrifuged for 60 minutes at 14000g in 

order to remove the insoluble material. The top part of the solution after centrifugation was 

separated for further analysis. 
 

Figure 4.1 shows the SEM image of as-produced CNT bundles. These ropes are very long and in 

bundles which prevent them from being useful for any CNT-based device. Figure 4.2 shows the 

SEM image of dispersed DNA wrapped CNTs on a Si surface. Successful separation and cutting 

is possible only when an appropriate amount of DNA is mixed with HiPCO CNTs as described 

in the last paragraph. We have tried to use smaller amounts of DNA and observed a poor 

dispersion efficiency. Figure 4.3 shows the SEM image of dispersed CNTs with a smaller 

amount of DNA. The individual CNTs are not separated in this case and the tubes are not cut 

into small pieces compared to Figure 4.2. In Figure 4.2 we see that despite good dispersion, the 

DNA-SWCNT hybrids are not aligned on bare Si substrate. We have used single stranded DNA, 

d(GT)15 which has 30 alternating G and T bases. This sequence, according to reference [164], 

causes the most efficient dispersion. 

 
Figure 4.1 Scanning electron microscope (SEM) image of as-produced single wall carbon 
nanotube bundles.    
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Figure 4.2 Scanning electron microscope (SEM) image of ssDNA-wrapped dispersed single wall 
carbon nanotubes on a  bare Si substrate.    
 

 
 
Figure 4.3 Scanning electron microscope (SEM) image of ssDNA-wrapped poorly dispersed 
single wall carbon nanotubes on a bare Si substrate. 
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As mentioned in the introduction section there are few reports regarding the alignment of 

ssDNA-wrapped SWCNTs [165]–[167]. Unlike previous works, we have observed a 

spontaneous alignment of  these hybrids on bare SiO2. This finding is very important as it eases 

the realization of many devices made from these hybrids such as field effect transistors (FET). 

Figures 4.4 and 4.5 show atomic force microscope (AFM) images of aligned ssDNA-SWCNTs 

on a bare SiO2 substrate. We have dropped the solution containing these hybrids on the SiO2 

surface and rinsed and dried after 20 minutes (Figure 4.4) and 10 minutes (Figure 4.5). A clear 

difference in ssDNA-SWCNT amount is visible from these figures consistent with previously 

reported data [165].   

 

 

Figure 4.4 Atomic force microscope (AFM) image of ssDNA-wrapped single wall carbon 
nanotubes on a bare SiO2 substrate. The deposition time is 20 minutes. 
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Figure 4.5 Atomic force microscope (AFM) image of ssDNA-wrapped single wall carbon 
nanotubes on a bare SiO2 substrate. The deposition time is 10 minutes. Smaller number of tubes 
are present as compared to Figure 4.4. 
 
The CNTs are wrapped by ssDNA when the aromatic hydrophobic DNA bases interact with the 

sidewall of CNT via π-stacking and the hydrophilic sugar-phosphate backbone of the DNA 

strand is left exposed to interact with the aqueous solvent [163]. Flexibility allows the molecule 

to find low energy conformations that maximize base-nanotube stacking and results in helical 

wrapping with right or left-handed turns. The ssDNA chains forms a shell encasing the nanotube 

while keeping the hydrophilic sugar-phosphate backbone on the exterior side [163]. Figure 4.6 

shows the AFM image of a single ssDNA-SWCNT hybrid. This hybrid nanotube is 

approximately 800 nm long. 
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Figure 4.6 Atomic force microscope (AFM) image of a single DNA-wrapped single wall carbon 
nanotube on a bare SiO2 substrate. The length of this hybrid nanotube is ~800 nm. 
 

4.3   Characterization of ssDNA-SWCNT Hybrid Nanotubes. 
Prior to conducting the magnetotransport measurements, few characterization experiments 

have been performed on ssDNA-SWCNT hybrid nanotubes. These experiments shed light on 

the electrical and optical properties of the ssDNA-SWCNT hybrids compared to the pristine 

CNTs. We have performed Raman spectroscopy and photoluminescence (PL) measurements. 

The ensuing sections have detailed these experiments. 
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4.3.1   Raman Spectroscopy. 
Raman spectroscopy with excitation wavelength of 532 nm has been used to probe the pristine 

CNTs and ssDNA-SWCNT hybrids. After centrifugation (section 4.2), we have divided the top 

clean part of the ssDNA-SWCNT solution into two fractions. We have focused on both radial 

breathing mode (RBM) and tangential mode (TM). RBM band determines tube diameter 

distribution [177]–[179]. The TM band is split into two components, G+ and G-, at higher and 

lower frequencies respectively [179].  

 

Figure 4.7 shows the RBM bands of as-produced and two fractions of DNA wrapped SWCNTs. 

Both fractions of DNA-SWCNT hybrids have upshifted RBM frequencies, a typical signature of 

DNA wrapping, consistent with previously found results [177]–[179]. The upshifted RBM bands 

for fraction 1 (Figure 4.7, b) have almost similar diameter selectivity as that of pristine CNTs 

(Figure 4.7, a). On the other hand, upshifted RBM bands for fraction 2 (Figure 4.7, c) have 

smaller diameter selectivity as RBM frequency is inversely proportional to diameter. We see that 

the alternating sequence of guanine (G) and thymine (T) DNA efficiently wraps HiPCO 

nanotubes over a wide range of diameters. 

 

Figure 4.8 shows the G band feature (TM) of as-produced and two fractions of DNA wrapped 

SWCNTs. These fractions are the same as before. We see that all three bands have two 

components (peaks). The G+ peak at higher frequency is generally ascribed to the vibrations of 

carbon atoms along the tube axis and G- peak at lower frequency is due to the circumferential 

vibrations [178], [180], [181]. The high frequency component is ubiquitous in carbon based 

materials including single wall CNTs, multiwall CNTs, graphene and graphite, but the low 

frequency component is a distinct feature of SWCNTs, which arises due to curvature and 

confinement [181]. The relative intensities of G- to G+ band are reduced after DNA wrapping for 

both fractions (Figure 4.8). The calculated relative intensity for pristine CNTs is 0.67, while for 

fractions 1 and 2, these numbers are 0.54 and 0.63, respectively. This intensity reduction is a 

common feature of the ssDNA-SWCNT hybrid and implies suppression of vibrations of carbon 

atoms along the circumference direction [178]. From Figure 4.8 we notice that the G+ peaks for 

both fractions have upshifted (1590 and 1587 cm-1 for fractions 1 and 2 respectively) after 

wrapping. G+ peak position for the pristine CNTs was 1580 cm-1. This was attributed to the fact 
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that nanotube transfers charge to the DNA molecule [181]. When the charge transfer occurs in 

the opposite direction, this peak is downshifted [178], [181]. The width of the G+ band is almost 

unchanged for fraction 1, but reduced for fraction 2. Wrapping induced width reduction of the G+ 

band has also been reported in previous experiments [178], [182]. 

 

 
Figure 4.7 Radial breathing modes (RBM) in Raman spectra for (a) as-produced SWCNTs and 
(b), (c) DNA wrapped SWCNTs for fractions 1 and 2, respectively. 
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Figure 4.8 Tangential modes (TM) in Raman spectra for (a) as-produced SWCNTs and (b), (c) 
DNA wrapped SWCNTs for fractions 1 and 2, respectively. 
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4.3.2   Photoluminescence (PL) Measurements. 
Figure 4.9 shows the photoluminescence (PL) spectrum (excitation wavelength 532 nm) obtained 

from as-produced CNTs and ssDNA wrapped CNTs at room temperature. No PL signal can be 

found for as-produced CNTs, but strong signal is observed for DNA wrapped CNTs, consistent 

with previously reported data [183], [184]. Each peak in the PL spectrum originates from a 

specific nanotube diameter. From Figure 4.9 it is evident that d(GT)15 which is a short single 

stranded DNA has good diameter selectivity. Similar diameter selectivity was also found in 

reference [183] for short single stranded DNA. Along with AFM and SEM images and Raman 

spectroscopy, these PL signals confirm efficient DNA wrapping around SWCNTs. 

   

 
 
Figure 4.9 Photoluminescence spectra for (a) as-produced SWCNTs and (b) DNA wrapped 
SWCNTs. 
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Chapter 5∗  

 
 
Spin Filtering Effect in ssDNA-SWCNT Hybrid Nanotubes. 
 
In this chapter, we describe the sixth stage of our work, which is comprised of spin transport 

studies in ssDNA-SWCNT hybrid nanotubes. These hybrid nanotubes have been fabricated using 

the methods described in the previous chapter. In order to perform transport measurements in 

these nanotubes, we have connected them with various metallic electrodes. Details are provided 

below after an introduction on spin filters and spin transport in chiral organic based systems.  

 

5.1  Introduction. 
Spin filters are solid-state systems that are able to generate and detect spin polarized charge 

carriers [35]. In the field of spintronics, the central idea is to use the spin of a charge carrier as a 

state variable for information processing and storage, and hence spin filters are indispensable 

components in all-electrical spintronic devices [4], [10]. In almost all cases, transition metal 

ferromagnets (Ni, Fe, Co etc.) and their alloys are used as spin filters [35], [185]. These materials 

are characterized by an unequal density of states between majority and minority spins, say 𝜌! 

and 𝜌! respectively, at the Fermi level (Stoner model), and the spin filtering properties of these 

materials can be understood by considering a simple [tunnel barrier/ferromagnet] composite 

system [35]. For generation of spin-polarized carriers, consider the case when a negative bias is 

applied on the ferromagnet. Since the carriers at the (quasi) Fermi level are responsible for 

tunneling and since these carriers have definite spin-polarization (parallel and antiparallel to the 

magnetization of the ferromagnet), the tunneling current injected from the ferromagnet will 

consist of carriers with definite spin polarizations. The population of carriers with spins parallel 

to majority (minority) spin should be proportional to 𝜌! (𝜌!), and hence the net injected spin 

polarization will be proportional to 𝜌! − 𝜌!. For diamagnetic materials (such as Au, Ag etc.), 

𝜌! = 𝜌!, and hence these materials cannot be used to generate spin-polarized carrier population. 
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Similarly, a ferromagnet can be used to detect an incoming population of spin-polarized carriers. 

Suppose 𝑛! and 𝑛! are the densities of carriers with spins parallel to the majority and minority 

spins, respectively, for a given polarization of the ferromagnet. In this case, tunnel conductance 

will be proportional to 𝑛!𝜌! + 𝑛!𝜌!. However, if the magnetization of the ferromagnet is 

flipped, tunnel conductance will be proportional to 𝑛!𝜌! + 𝑛!𝜌!. Thus the incoming carriers 

will experience different resistances depending on the magnetization of the ferromagnet. Clearly, 

if the incoming carriers have no net spin polarization (i.e. 𝑛! = 𝑛!) then no change in device 

resistance will occur. Similarly, if we use a nonmagnet (𝜌! = 𝜌!) then also no change in device 

resistance will occur. Thus, observation of a change in device resistance that depends on 

magnetization of the ferromagnetic electrode implies detection of spin-polarized carriers. Of 

course, one has to ensure via control experiments that such change does not originate due to any 

other effect in the system.  

 

As mentioned above, transition metal ferromagnets are widely used in all-electrical spintronic 

devices [35], [185]. Other candidates that have been explored as spin filters include manganite 

perovskites and chalcogenides [185]. Very recently various non-conventional materials have also 

been proposed as spin filters. For example, it has been proposed theoretically that a few layers of 

graphene as grown on Ni, can act as a “nearly perfect” spin filter [186]. This prediction is based 

on a special band structure alignment between graphene and Ni at the Fermi level which allows 

transmission of primarily minority spins. However, to date this effect has not been demonstrated 

experimentally. Spin selective properties of chiral double-stranded (ds) DNA molecules have 

been reported experimentally both by optical and electrical techniques [50], [51]. In ref. [50] 

dsDNA monolayer was adsorbed on a (non-magnetic) gold (Au) substrate. Spin polarization of 

the photoelectrons transmitted through the dsDNA layer was found to be ~ 60% at room 

temperature [50]. In ref. [51], current flow has been measured in a nickel/dsDNA/Au device. A 

change in device resistance has been observed due to spin filtering through the dsDNA [51]. The 

physical process underlying the above-mentioned effect is not yet well understood [187]–[190]. 

The main challenge is that dsDNA is non-magnetic and mainly consists of light atoms with small 

atomic spin-orbit coupling which is not consistent with the experimentally observed high value 

of spin polarization at room temperature. It has been suggested [187]–[190] that the inversion 
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asymmetry of the helical molecule can potentially enhance the effective spin-orbit interaction, 

despite the fact that atomic spin-orbit interactions are weak.  

 

Another candidate that has been proposed theoretically as a spin filter is single wall carbon 

nanotube (SWCNT), wrapped by a chiral molecule (such as single stranded DNA), which creates 

a helical potential in the tube [52]. Carbon nanotubes (CNTs), which can be loosely described as 

graphitic sheets rolled into a cylinder, have been explored extensively in the area of spintronics 

[191]. In almost all studies, carbon nanotubes have been used as an active medium for spin 

transport, and significant effort has been invested in determining spin relaxation length, time and 

mechanisms in these structures [191]. Since the nanotubes are made solely by low atomic 

number (carbon) atoms, spin-orbit coupling is expected to be extremely weak in these systems. 

However, recent studies have indicated that the curvature arising from the cylindrical geometry 

can enhance spin-orbit coupling due to hybridization among neighboring carbon atoms [192], 

[193]. The strength of the spin-orbit interaction is also strongly dependent on the substrates and 

the species adsorbed on the tube surface [194].  

 

DNA is known to interact strongly with carbon nanotubes and typically result in a helical 

wrapping of the nanotubes due to 𝜋-stacking [163]. The coiling period (pitch) of the DNA 

molecule correlates well with nanotube chirality [164], [195]. The DNA strands wrapped around 

the nanotube create a strong and inversion asymmetric electric field. This electric field generates 

a strong Rashba-type spin-orbit interaction. According to a recent theoretical work [52], such 

interactions can polarize the spins transmitted by (single-stranded) DNA wrapped carbon 

nanotubes. To the best of our knowledge, no spin filtering experiment has been performed on 

DNA-wrapped carbon nanotubes. This is exactly what we intend to explore in this stage of our 

work.  

 

The DNA-CNT composite has the added advantage of having higher conductivity compared to 

pure DNA-based devices. The DNA molecule is essentially an insulator and hence is unsuitable 

for integration with practical spintronic devices where the actual channel will most likely have 

smaller resistance. Further DNA-CNT hybrids allow efficient fabrication of planar spintronic 

devices, which is difficult to achieve using DNA molecules alone. The vertical geometry that is 
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generally achieved by DNA molecules [50], [51], is prone to pinhole shorts and possible creation 

of defects while depositing the top contact. Such problems do not arise in the planar geometry. 

 
In this work, we have used the same principle described in the introductory paragraphs of this 

chapter to examine the spin-state of the carrier ensemble emanating from one end of a ssDNA 

wrapped SWCNT. The other end of the ssDNA wrapped SWCNT is connected to a 

(diamagnetic) Au electrode [Figure 5.1]. The carriers are injected from the Au electrode to the 

SWCNT, which is wrapped by ssDNA. The carriers injected from the Au electrode have no net 

spin polarization. These carriers traverse through ssDNA wrapped SWCNT and their spin-

polarization at the end of the tube is probed by a nickel electrode. It has been found that device 

resistance depends on the magnetization orientation of the Ni spin detector. Combined with 

various control experiments, we show that this phenomenon is related to spin polarization of 

charge carriers emanating from the ssDNA wrapped SWCNT. This work shows that ssDNA 

wrapped SWCNT can perform as a spin filter in the sense that it can polarize an injected 

population of spin-unpolarized carriers (which, in this case, originate from the Au electrode) and 

it can also differentiate between the net spin polarizations of carriers originating from a known 

spin injector (which, in this case, is Ni). 
 

5.2  Synthesis of ssDNA-SWCNT Hybrid Nanotube Devices. 
The experimental setup and measurement geometry are shown in Figure 5.1. First, we deposited 

500 nm of silicon dioxide on a silicon wafer. The 100 nm thick Ni and Au electrodes were 

sputtered on this surface keeping a gap of 750 nm between them. The device geometry was 

patterned by photolithography. A droplet of the ssDNA-SWCNT solution prepared according to 

a well established method (ref. Chapter 4) was placed on and in between the electrodes. After 15 

minutes, the solution was washed out with DI water and dried with nitrogen. A field emission 

scanning electron microscope (FESEM) image (Figure 5.1, inset) shows ssDNA-SWCNT 

hybrids are connected between the metal electrodes. The two purple arrows show two ends of 

one ssDNA-SWCNT hybrid nanotube bridging the metal electrodes. The drop-casted solution 

contains ssDNA wrapped SWCNTs, possibly some unused ssDNA and EDTA (ref. Chapter 4). It 

is expected that the solution does not contain any SWCNT ropes in presence of excess ssDNA 

(ref. Chapter 4). EDTA is a small molecule and does not form bonds with either ssDNA or 
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SWCNT. The ssDNA has only 30 base pairs. Therefore, neither EDTA nor ssDNA are expected 

to bridge the metal electrodes. AFM shows (Chapter 4) most of the ssDNA-SWCNT hybrids are 

shorter than the gap (750 nm) between the Ni and Au electrodes. Therefore it is reasonable to 

assume few hybrids are bridging the electrodes. This argument is justified by the FESEM image 

(Figure 5.1, inset). We see in this image that most of the tubes are not bridging the electrodes. 

 

For studying the transport properties of these hybrid nanotubes, we applied  ±2V across the Ni 

and Au electrodes. Current voltage data were acquired in presence of a magnetic field of strength 

1T applied in two opposite directions. The green arrows in Figure 5.1 correspond to these two 

magnetic field directions. Note the magnetic field directions are along the easy axis of the Ni 

electrode. 

 

Figure 5.1 Schematic of the experimental setup. The green arrows indicate the two opposite 
directions (1 Tesla and -1 Tesla) of externally applied magnetic fields. The inset shows a field 
emission scanning electron microscope (FESEM) image of ssDNA-SWCNT hybrid nanotubes 
that are connected between Ni and Au electrodes. The two purple arrows show two ends of one 
ssDNA-SWCNT hybrid nanotube bridging the metal electrodes. 
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The drop-casted hybrid nanotubes get connected with the metal electrodes by weak Van der 

Waals bonds. Prior to the transport measurements, we have vacuum annealed the device at 

200°C for 30 minutes. This annealing step significantly improves the electrical contact. In order 

to investigate any structural change introduced by the annealing step, we performed Raman 

spectroscopy on the annealed hybrid nanotubes. Raman spectroscopy results for both the pristine 

CNTs and ssDNA wrapped CNTs have been described in detail in the previous chapter. The 

radial breathing mode (RBM) bands are found frequency upshifted similar to unannealed hybrids 

found previously (not shown here) while tangential mode (TM) bands demonstrated interesting 

features. Figure 5.2 shows the G band feature (TM) of annealed hybrid nanotubes. The relative 

intensity of the G- to G+ band is reduced to 0.42. These intensity ratios were 0.67, 0.54 and 0.63 

for pristine CNTs, and the two fractions of unannealed ssDNA-SWCNT hybrids respectively 

(ref. Chapter 4). This intensity reduction implies a further suppression of vibrations of carbon 

atoms along the circumferential direction. Therefore, we conclude that mild annealing results in 

a tighter wrapping of CNTs by ssDNA.  

 
Figure 5.2 Tangential modes (TM) in Raman spectra for annealed DNA wrapped SWCNTs. 
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5.3  Transport Experiments. 
Detailed electrical measurements have been performed on the devices described above. There 

exist two possible conduction pathways between the electrodes: the SWCNT and the ssDNA 

molecular chain that wraps the SWCNT. In the past, various groups have explored electrical 

transport in DNA molecules with varying lengths [196]–[199]. In these molecules, two different 

conduction processes can take place [196]–[199]: (a) coherent tunneling between the electrodes 

and (b) diffusive thermal hopping between various molecular sites. In our devices, the ssDNA 

molecular chain is long, ~750 nm, which precludes conduction via coherent tunneling. Hopping 

transport, assisted by phonons, is expected to be the dominant process for such long chain 

ssDNA molecules. However, this mechanism becomes almost ineffective at the low temperature 

range (~10–30K) employed in this study, and under these operating conditions the long chain 

ssDNA molecule can be viewed as an insulator. This is consistent with the established literature 

on electrical conduction via long DNA molecules [196]–[199]. The nitrogen drying step and 

extended (~30 minutes) high temperature (~200oC) annealing step described above makes any 

water molecule mediated ionic conduction highly unlikely. Further, this mode of conduction will 

be even less effective at cryogenic temperatures and under dc operating conditions employed in 

this study. Thus, we conclude that the SWCNT is the primary charge transport channel in our 

devices. Direct experimental evidence of this picture has been discussed later in this work, where 

we show that there is no qualitative difference between the temperature-dependent current-

voltage characteristics of SWCNT and ssDNA-wrapped SWCNT. In fact, if the DNA molecule 

participates in charge conduction, it results in a “staircase shape”, with a significant conductance 

suppression over a bias range of ~ 1V near zero bias in the current-voltage characteristics [200]. 

Such effects have not been observed in our experiments even at room temperature. Thus the 

ssDNA chain does not offer any charge transport pathway to the carriers in our experiments.  

 

It is important to note the distinction between our devices and previous DNA-based spin filters 

as reported in ref. [51]. For example, in ref. [51] no SWCNT was present and spin selectivity of 

double stranded DNA molecule was explored. In this case, charge transfer occurred via the 

double stranded DNA molecules. The current-voltage characteristics (taken at room temperature) 

in this work [51] indicates a wide bandgap semiconductor (or insulator) behavior, which is 

consistent with existent literature on charge transport in DNA [196]. In our case, as described 
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above, the main conduction channel is the SWCNT. The ssDNA molecular chain offers a 

helicoidal potential to the charge carriers in the nanotube due to the electrostatically charged 

sugar-phosphate backbone. As discussed before, the helical wrapping of ssDNA around SWCNT 

is mediated by the electrostatic interaction of the sugar-phosphate backbone, as well as overlap 

of π orbitals of ssDNA bases and (sp2 hybridized) carbon atoms of the SWCNT.  

 

The current-voltage (I-V) measurements have been performed for two orientations of the in-plane 

magnetic field (+1T and – 1T) over a wide temperature range of 10 – 300K. Typical 

measurement geometry is shown in Figure 5.1. Since the in-plane coercivities of the Ni thin film 

electrodes are very small (~ 0.01T range), the above-mentioned magnetic field values are more 

than sufficient to control the magnetization orientation of the Ni electrode. As described below, 

two control experiments have been performed to obtain a better understanding of the observed 

behavior. Multiple (~10) devices have been tested in each category and the behavior reported 

below is representative of each category. 

 

Figure 5.3 (a) Current vs. voltage curves for the Au-ssDNA-SWCNT-Ni device for two opposite 
directions of magnetic field at 10K. The filled black squares represent the data obtained at 1 
Tesla and the open red circles represent the data obtained at -1 Tesla. (inset) The corresponding 
differential conductance vs. voltage curves. (b) Current vs. voltage curves for this device at 
different temperatures in the absence of a magnetic field.  
 

We have measured the current-voltage (I-V) characteristics of Au/[ssDNA-SWCNT]/Ni devices 

for +1T and –1T. Figure 5.3 (a) shows the I-V plot of this device at 10K. The key observation in 



	  
	  

81 

this case is the manifestation of a splitting in the current-voltage characteristics as a function of 

the magnetic field orientation. The splitting is more pronounced at higher bias. This effect is 

strongest at the lowest measurement temperature of 10K and gradually decreases as the 

temperature is increased and almost vanishes at ~30K. The inset show the computed conductance 

(dI/dV) versus bias (V) plot at 10K. A clear gap in the conductance has been seen as a function of 

magnetic field orientation. Figure 5.3 (b) shows the temperature dependence of the zero 

magnetic field current-voltage characteristics over the entire temperature range of 10 – 300K 

used in this study. Semiconducting temperature dependence has been observed, which is 

consistent with prior studies on SWCNTs [201]. 

 

 

Figure 5.4 (a) Current vs. voltage curves for the Au-ssDNA-SWCNT-Au device for two 
opposite directions of magnetic field at 10K. The filled black squares represent the data obtained 
at 1 Tesla and the open red circles represent the data obtained at -1 Tesla. (inset) The 
corresponding differential conductance vs. voltage curves. (b) Current vs. voltage curves for this 
device at different temperatures in the absence of a magnetic field. 
 

Clearly, as seen from Figure 5.3 (a), a magnetoresistance effect exists in Au/[ssDNA-

SWCNT]/Ni devices. This magnetoresistance can originate from various sources and in order to 

obtain a better understanding of this effect we have tested two reference devices. In the first 

reference device, the Ni electrode has been replaced by a gold electrode and everything else has 

been kept the same as before. Transport data from these reference devices are shown in Figure 

5.4 (a). In this case, no splitting in the current-voltage characteristics has been observed for any 

device even at low temperatures. Temperature dependence of the zero magnetic field current-
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voltage characteristics over the entire temperature range of 10 – 300K has been shown in Figure 

5.4 (b). These samples exhibit qualitatively similar current-voltage characteristics as in Figure 

5.3. Thus, we conclude that the presence of the Ni electrode is essential for observation of the 

splitting reported in Figures 5.3 (a). This reference experiment also confirms that the orbital 

magnetoresistance effects of Au and ssDNA-SWCNT are not responsible for the features 

observed in Figure 5.3 (a).  

 

In our second reference experiment, we have explored the role of ssDNA wrapping. In this case, 

Au/[SWCNT]/Ni devices have been fabricated in the absence of ssDNA molecules and hence 

any wrapping. These unwrapped SWCNTs were synthesized by a similar process of 

ultrasonication and centrifugation (ref. Chapter 4) in 1% sodium dodecyl sulfate instead of 

ssDNA d(GT)15 [202]. In the inset of Figure 5.5 (b), we see the AFM image of these dispersed 

SWCNTs without ssDNA. As shown in Figure 5.5, the current-voltage characteristics are 

qualitatively  in agreement with  Figures 5.3 and 5.4. This  provides direct experimental evidence   

 

 
Figure 5.5 (a) Current vs. voltage curves for the Au-SWCNT-Ni device for two opposite 
directions of magnetic field at 10K. The filled black squares represent the data obtained at 1 
Tesla and the open red circles represent the data obtained at -1 Tesla. (inset) The corresponding 
differential conductance vs. voltage curves. (b) Current vs. voltage curves for this device at 
different temperatures in the absence of a magnetic field. (inset) Atomic force microscope 
(AFM) image of unwrapped single wall carbon nanotubes on a bare SiO2 substrate. 
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in support of our previous observation where we argued that the primary conduction channel in 

our devices is SWCNT and the ssDNA molecular chain has no major role in conduction. The 

conductance is suppressed for voltage range ~ few mV near zero bias at low temperatures 

(~10K). This is consistent with previous studies performed on SWCNTs of comparable 

dimensions and operating temperatures [201]. However, unlike Figures 5.3, we do not observe 

any splitting in the current-voltage characteristics when an external magnetic field is applied. 

Thus, we conclude that wrapping of the SWCNT channel by ssDNA is a key component behind 

the observed splitting. No significant magnetoresistance effect has been observed in this case, 

implying negligible presence of any spurious Hall effect due to the fringing field lines from the 

Ni contact. 

 

In the past, it has been proposed that certain chemical groups (such as thiols) when adsorbed on 

Au can make the Au surface magnetic [203], [204]. Such effects are unlikely to occur in our 

experiments simply because we do not use thiol groups unlike the experiments cited above. The 

chemicals used in our experiment (EDTA) are not known to have similar properties, and the 

fabrication steps used in this study ensures the presence of such chemicals in trace amounts only. 

Thus, the feature observed in Figures 5.3 (a) are unlikely to arise from these effects. 

 

Summarizing the above discussion, we conclude that the splitting is observed only when the 

SWCNT is wrapped with ssDNA and one of the contacts is Ni. This effect has been shown not to 

originate from any orbital magnetoresistance effect or spurious Hall effects in the system. Thus, 

we proceed to explain this effect using the framework of spin-polarized carrier generation and 

detection. This model is based on recent theoretical work [52] that predicted spin polarized 

conductance for DNA-wrapped CNTs which originates due to the Rashba spin-orbit coupling 

due to the helicoidal electric field induced by the ssDNA molecule. 

 

In our transport measurement setup, the nickel contact has always been used as the ground 

terminal. For negative voltage polarity, electrons are injected into the ssDNA-SWCNT from the 

Au electrode. The exact nature of this contact is unknown and even the nature of the DNA/metal 

contact is still unclear even after decades of research [196]–[199]. However, according to our 

present understanding, it is highly unlikely that there is good ohmic contact, and the contact can 
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be represented by a Schottky-type potential barrier. Carrier injection occurs primarily via 

tunneling, at least in the low temperature regime where thermionic emission is muted. Since Au 

is diamagnetic, these electrons have no net spin polarization in any direction, even in the 

presence of an external magnetic field. In this ensemble of electrons, 50% of the population has 

“spin up” polarization component (which, say, is parallel to “+1T” orientation of the external 

magnetic field) and the remaining 50% has “spin down” polarization component (i.e. parallel to 

“– 1T”) and the net polarization is zero. As these electrons traverse through the ssDNA wrapped 

SWCNT, according to ref. [52], they may accumulate some net spin polarization (say P). If this 

happens, the accumulated spin polarization P can be sensed by the ferromagnetic Ni “spin 

detector” at the other end of the device. Note that there exists a Schottky-type barrier at this 

detecting interface as well. As the magnetization of the Ni electrode is flipped, as seen in Figures 

5.3, it indeed offers a different resistance to these carriers, indicating non-zero value of P. Thus, 

combining with the results from the reference experiments we conclude that ssDNA wrapped 

SWCNT indeed polarizes an initially spin-unpolarized population of carriers. It is important to 

note that the role of the external magnetic field is to flip the magnetization of the Ni ferromagnet 

and thus facilitate in spin detection. It does not play any direct role in creation of the incoming 

spin polarization P. This spin-polarization is created from an unpolarized ensemble (diamagnetic 

Au electrode) due to the influence of the helicoidal potential induced by ssDNA wrapping.  

 

The reverse effect takes place when the voltage polarity is positive. In this case, spin polarized 

electrons are injected from the Ni electrode. The Au/[ssDNA-SWCNT] composite can be viewed 

as an effective electrode with a fixed spin polarized density of states (with spin polarization P) at 

the (quasi) Fermi level. This composite now acts as a spin detector. As Ni magnetization is 

flipped, so does the polarity of the incoming spins from the Ni. The composite electrode offers 

different resistances in both cases, resulting in split current-voltage characteristics in the positive 

quadrant. 

 

For Au/[ssDNA-SWCNT]/Au reference devices, no spin detecting electrode is present since Au 

is nonmagnetic. Therefore, even though spin-polarized carriers are generated by the Au/[ssDNA-

SWCNT] composite, they go undetected by the second Au electrode, and hence no splitting is 

observed in the current-voltage characteristics. For Au/[SWCNT]/Ni devices, no splitting has 
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been observed which underscores the critical role played by the helicoidal potential of the 

ssDNA molecule. 

 

Using the physical picture described above, we can estimate the spin polarization P by applying 

the Julliere formula (ref. Chapter 1). As mentioned before, these electrons are ultimately detected 

by the Ni electrode. There exists a Schottky-type potential barrier at the Ni/[ssDNA-SWCNT] 

interface, and at the low temperatures employed in this study, transport at this interface is 

primarily due to tunneling. Applying Julliere’s formula at the tunnel junction at the detecting 

interface, we obtain a spin polarization value (lower limit) of P ~ 35% at low bias.  

 

The disappearance of this effect at higher temperature can be ascribed to the enhanced spin 

relaxation within the tube at higher temperatures. In order to observe the spin filtering effect, the 

Rashba spin-split bands should remain sufficiently distinct. At higher temperature, thermal 

energy broadens these bands, leading to enhanced spin mixing and loss of spin filtering.  

 

From the computed dI/dV curves, we observe that a given conductance level is achieved for 

different bias values, depending on the magnetization orientation of Ni. This bias differential 

should reflect the potential barrier experienced by the “unfavorable” spins as compared to the 

“favorable” ones. The barrier is ~ 0.3 eV for a bias of ~1.5V, and the barrier height increases 

with bias. Such spin-dependent barrier height is too high to be explained by invoking atomic 

spin-orbit coupling of the lightweight elements that comprise the ssDNA-SWCNT hybrid. In the 

present case, SWCNT and ssDNA primarily consist of light elements with atomic spin-orbit 

coupling values at least two orders of magnitude smaller than the barrier height estimated above. 

Also as discussed previously, the main conduction channel is SWCNT and the carbon atoms, in 

their most abundant form (12C), do not offer any hyperfine interaction. Thus, this mechanism 

alone cannot explain the large spin dependent barrier height discussed above. Therefore, this 

work should be viewed within the framework of the Rashba spin-orbit interaction induced by the 

helicoidal electric field of the ssDNA [52].  

 

In the sixth stage of our work, we have demonstrated spin-selective carrier transmission in 

ssDNA wrapped SWCNT. Significant spin polarization, comparable to typical transition metal 
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ferromagnets, has been observed at low temperature. The helical wrapping of the ssDNA is 

essential for observing this effect. The possibility of generating spin-polarized carriers via non-

magnetic materials can result in “magnetless” spintronic devices in future, which will relax some 

of the fabrication constraints involved in state-of-the-art spintronic devices. 
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Chapter 6 

 
 
Conclusions and Recommendations. 
 
In this thesis, we have reported synthesis of organic nanowires using a novel technique and have 

demonstrated the feasibility of spin injection and transport in these organic nanowires (Chapters 

2 and 3). We have also explored another feature of organic spintronics, namely “spin filtering” 

(Chapters 4 and 5). In this chapter, we will first present the summary of original contributions 

and major conclusions throughout the different stages of  our work. Next, we will introduce a 

few future possible projects. 

 

 6.1   Summary of Contributions and Conclusions. 
(1) For fabrication of the nanowire organic spin valve device, we have used anodic aluminum 

oxide (AAO) templates. The AAO template contains an array of well-ordered cylindrical 

nanopores. Formation of nanopores is an outcome of an electrochemical self-assembly process. It 

is essential to create a highly polished aluminum substrate with surface roughness of only a few 

nanometers, in order to obtain well-ordered nanopores of uniform dimension.  

 

In the first stage of our work, we have demonstrated a chemical polishing technique which offers 

a simpler, faster and safer route for aluminum pretreatment prior to anodization. This work is 

intended to draw renewed attention on the oft-overlooked chemical polishing method which has 

several advantages over the commonly employed electropolishing approach. We have performed 

an extensive study of the surface roughness which shows that this method produces similar (or 

better) results compared to electropolishing. Additionally, this process (a) is parallel with faster 

throughput (i.e. multiple aluminum substrates with arbitrary areas can be processed 

simultaneously), (b) is amenable to large area polishing and (c) avoids perchloric acid and 

related hazards altogether. Ordered nanopores are formed after multistep anodization of chemical 

polished surfaces. Nanopore formation process is essentially identical to that in the 

electropolished case. Under certain polishing conditions, parallel nanoridges are formed which 

can be further processed to fabricate parallel arrays of nanoscale crossbars. Such structures are 
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the linchpins of many nanoscale memories and computing architectures. 

 

(2) In the second stage, we have fabricated organic nanowires within the nanopores of the AAO 

template using a novel “centrifugation-assisted” technique. There are very few reports in 

literature on fabrication of small-molecular organic nanowires in AAO templates. These works 

used a special organic evaporator with the facility of a carrier gas inside the deposition chamber. 

This method, however, does not allow growth of nanowires of arbitrary dimensions. We have 

developed a novel, reagentless, one-step process that produces an array of vertically oriented 

organic nanowires within AAO matrix. This method also allows fabrication of axially 

heterostructured metal-organic bilayer hybrid nanowires, permits direct electrical contact at the 

two ends of the nanowires and therefore can be used for synthesis of various functional organic 

nanowire devices. 

 

(3) In the third stage, we have extensively characterized the organic nanowires grown by the 

above-mentioned technique. In addition to field emission scanning electron microscope 

(FESEM) studies, we have performed X-Ray diffraction (XRD), photoluminescence (PL) and 

Fourier transform infrared spectroscopy (FTIR) characterization of these nanowires. The 

characterization experiments confirmed growth of rubrene nanowires within AAO templates.  

 

(4) In the fourth stage, we have successfully combined the above-mentioned techniques to 

fabricated rubrene nanowire spin valve devices . Rubrene has been selected since based on 

recent reports this material is expected to show a large spin relaxation length. Both electrical and 

spin transport measurements have been performed on rubrene nanowire spin valves. The 

magnetoresistance data clearly shows the spin valve signal, indicating successful spin injection, 

transport and detection in these devices. Control experiments have been performed to confirm 

the physical origin of the observed effect. The major conclusions from these measurements are 

listed below. 

 

(a) Larger spin relaxation length compared to thin film devices. 

(b) Spin-orbit interaction appears to be the most likely agent for spin relaxation.  

(c) Molecular packing (growth process) affects the spin relaxation. 
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(d) Long  spin  relaxation  time  and  length  are very  promising in spintronic logic and  memory   

     devices as well as in spin organic light emitting diodes.  

(e) OMAR is likely to be the origin of background high field MR. 

(f) Spin relaxation length falls faster in the strong coulomb interaction regime.  

 

(5) In the fifth stage, we have synthesized and dispersed single wall carbon nanotubes wrapped 

with single-stranded deoxyribonucleic acid (ssDNA). We have also characterized these hybrid 

nanotubes through FESEM, AFM, Raman spectroscopy, and photoluminescence (PL). AFM and 

SEM images, Raman spectroscopy, and PL signals confirm efficient DNA wrapping around 

SWCNTs. We have observed a spontaneous alignment of  these hybrids on a bare SiO2. 

 

(6) In the sixth stage, we have performed electrical transport measurements on the CNT-DNA 

hybrid nanotubes synthesized in the fifth stage of our work. Our experimental results indicate 

that these hybrid nanotubes can act as efficient spin filters. Significant spin polarization, 

comparable to typical transition metal ferromagnets, has been observed at low temperature. The 

helical wrapping of the ssDNA is essential for observing this effect. Control experiments have 

been performed to confirm the physical origin of the observed effect. 

 

6.2   Future Recommendations. 
Based on our experimental results on ssDNA-SWCNT hybrids (stage six) and previous works 

reported by other groups [50]–[52], a few possible endeavors could be made to explore the spin 

filtering properties of organic materials in magnetic tunnel junction (MTJ) configuration. The 

ensuing sections briefly discuss and give guidelines to those possible future projects. 

 

6.2.1   Introduction.  
As discussed before (ref. Chapter 5), spin filters are solid-state systems that preferentially 

transmit spins of one particular orientation. Spin filters are an essential component of all-

electrical spintronic devices such as magnetic tunnel junctions (MTJs) [35], spin field-effect 

transistors (spin-FETs) [4] and many others [205], where they are employed as spin injectors and 

detectors (ref. Chapter 1). An ideal spin filter transmits only one particular spin orientation and 

blocks all other spin orientations. Ideal spin filters can improve the performance of virtually all 
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spin-based electrical devices. For example, they result in extremely large magnetoresistance 

(MR) ratios in MTJs, which can be exploited to achieve reliable read operation in high-density 

magnetic random access memory (MRAM) chips. Ideal spin filtering can also significantly 

attenuate the leakage current and enhance the conductance on-off ratio in spin-FETs [4]. Very 

few experimental studies exist that convincingly demonstrate efficient electrical spin filtering 

through organic molecules. In the ensuing sections we briefly discuss  two experimentally 

realizable projects. 

 

6.2.2   Proposed Projects.  
Electrical spin filtering experiments can be performed with the following systems by employing 

a magnetic tunnel junction geometry: 

(1) Chiral molecule such as double stranded deoxyribonucleic acid (dsDNA), and 

(2) Single wall carbon nanotube (SWCNT) wrapped with single stranded DNA (ssDNA). 

 

Spin filtering efficiency of these structures can be experimentally determined by the magnetic 

tunnel junction (MTJ) configuration [35]. This geometry is commonly used for characterizing 

spin filter materials [206]. The experimental data can be analyzed using the Julliere formalism. 

The two systems mentioned above can lead to magnetless spintronic devices, which will relax 

some of the fabrication constraints involved in state-of-the-art spintronic devices. 

 

6.2.2.1   Subproject A:  Spin Filtering with dsDNA.  

Background. 
Experimental results on spin selective properties of chiral dsDNA molecules have been reported 

in references [50] and [51]. In ref. [50], dsDNA monolayer was adsorbed on a (non-magnetic) 

gold (Au) substrate. Spin polarization of the photoelectrons transmitted through the dsDNA layer 

was found to be ~60% at room temperature. Such values of spin polarization are much larger 

compared to common transition metal ferromagnets [35]. In ref. [51], current flow has been 

measured in a nickel/dsDNA/Au device. A change in device resistance has been observed due to 

spin filtering through the dsDNA. The physical process underlying the above-mentioned effect is 

not yet well-understood [188]–[190], [207], [208]. The main challenge is that dsDNA is non-
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magnetic and mainly consists of light atoms with small atomic spin-orbit coupling [188]–[190], 

[208], which is not consistent with the experimentally observed high values of spin polarization 

at room temperature [50], [51]. It has been suggested [188]–[190], [208] that the inversion 

asymmetry of the helical molecule can potentially enhance the effective spin-orbit interaction, 

despite the fact that atomic spin-orbit interactions are weak. The hyperfine interaction due to 

nuclear spins can also play a crucial role. To the best of our knowledge, this effect has not been 

investigated for dsDNA based MTJ devices. For the above-mentioned spin filter concept to be 

useful, it is necessary to employ the Au/dsDNA composite as a spin injector (or detector) in a 

spin valve (or magnetic tunnel junction) geometry [206]. Such configurations will also allow 

estimation of the spin filtering efficiency in an electrical setup which may be different than that 

obtained optically due to possible presence of additional spin scattering processes. Electrically 

detected spin filtering efficiency is a more relevant metric for spintronic devices since it indicates 

the suitability of new spin filters for practical applications.  

 

Proposed Methodology. 
Double stranded DNA monolayers can be self-assembled on a gold substrate using a standard 

recipe described in refs. [50] and [209]. Vertical orientation of the ds-DNA helices is necessary 

for a higher degree of spin filtering [50]. Such organization can be achieved by (a) modifying 

one end of DNA by adding a thiol group which has an intrinsically high affinity to Au [209], and 

(b) partially covering the Au surface by an insulating and hydrophobic layer (C18–SH) before 

adsorption of the thiolated DNA [209]. The last step allows specific binding of the thiolated ends 

of DNA with Au (through the regions not covered by C18–SH) and prevents any other 

nonspecific bindings [209]. Being insulating, C18–SH layer is not expected to interfere with the 

electrical measurements [209]. Next, a thin layer (~1 nm) of alumina or other appropriate 

insulator can be deposited on the ds-DNA layer. Various deposition methods can be tried such as 

electron beam evaporation or atomic layer deposition (ALD). Care needs to be taken to avoid 

any structural damage of the DNA molecule. Finally, a transition metal ferromagnet of known 

spin polarization (e.g. Co, NiFe, CoFe, etc.) can be deposited on the topmost surface. A 

schematic description of this device is shown in Figure 6.1 (a). Magnetoresistance response of 

this device can be measured over a wide temperature range and magnetic field range. 

Magnetoresistance data can be modeled by the Julliere formula to determine the spin filtering 
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efficiency of the dsDNA/Au composite. 

 

6.2.2.2   Subproject B:  Spin Filtering with ssDNA Wrapped SWCNT. 

Background. 
Carbon nanotubes have been explored extensively in the area of spintronics [191]. In almost all 

studies, carbon nanotubes have been used as an active medium for spin transport, and significant 

effort has been invested in determining spin relaxation length, time and mechanisms in these 

structures [210]–[213]. We have already discussed about ssDNA wrapped single wall carbon 

nanotubes (SWCNTs) in Chapters 4 and 5. We have demonstrated that ssDNA wrapped 

SWCNTs behave as spin filters. The wrapping induced helicoidal potential is crucial for 

observation of this effect (Chapter 5). In the following paragraph, we will briefly discuss a MTJ 

device where ssDNA-SWCNT hybrid nanotubes can be employed as a spin filter. 

 

Proposed Methodology. 
Exploration of spin filtering properties of ssDNA wrapped SWCNTs can be performed in a 

vertical geometry using a magnetic tunnel junction (MTJ) device configuration. In this MTJ, ss-

DNA wrapped tubes will serve as one of the contacts and a ferromagnet with known spin 

polarization as the other contact [Figure 6.1 (b)]. These two contacts will be separated by an 

appropriate tunnel oxide. The fabrication of this vertical geometry [Figure 6.1 (b)] can be 

performed by using the methodology in section 6.2.2.1 with minor modifications. Single 

stranded DNA wrapped tubes can be formed by mixing nanotubes in an aqueous solution of 

ssDNA in an ice water bath as described in Chapter 4. One end of the ssDNA will be thiolated to 

facilitate binding with gold substrate. Prior surface modification of the gold substrate (similar to 

that described in section 6.2.1) will allow vertical orientation of the ssDNA wrapped nanotubes. 

Next, tunnel barrier growth can be performed, followed by deposition of a ferromagnet with 

known spin polarization, to complete the magnetic tunnel junction geometry. These steps are 

same as that described before. Temperature-dependent magnetoresistance measurements can be 

performed on this device to detect any spin filtering effect. 
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Figure 6.1  Schematic representation of the proposed spin filters, integrated with MTJ for 
electrical measurement of spin filtering efficiency. MTJs with (a) Au/dsDNA, (b) Au/ssDNA 
wrapped SWCNTs. 
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