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Abstract

Molecular functionalization of carbon nanotubes (CNTs) is a routine procedure in the field of nanotechnology. However, whether and how these molecules affect the spin polarization of the charge carriers are largely unknown. In this work we first demonstrate that spin polarization can indeed be induced in two-dimensional (2D) carbon nanotube networks by “certain” molecules and the spin signal routinely survives length scales significantly exceeding 1µm. This result effectively connects the area of molecular spintronics with that of carbon-based 2D nanoelectronics. By using the versatility of peptide chemistry, we further demonstrate how spin polarization depends on molecular structural features such as chirality as well as molecule-nanotube interactions. A new type of chirality-independent effect was detected in addition to the more common chirality-dependent effect, and the overall spin signal was found to be a combination of both. Finally, magnetic field dependence of the spin signals has been explored and the “chirality dependent” signal has been found to exist only in certain field angles. 







1. Introduction

Intersections of the apparently disparate areas of organic chemistry, carbon nanotubes and spintronics have intrigued the scientific community for several decades. Organic molecular functionalization of carbon nanotubes is a common technique for various nanotechnology applications.[1–6] Spin transport in carbon nanotubes has been explored extensively due to its potential application in future information technology.[7,8] The area of “organic spintronics” (or, “molecular spintronics”) explores spin transport in organic molecular systems and has found surprisingly long spin lifetimes which could be useful for quantum information processing and other applications.[9] Recent developments in this area have unraveled an intriguing connection between organic molecular chirality and carrier spin polarization, often dubbed as “chirality-induced spin selectivity” or CISS.[10–12] The key observation is that the transmission of spin unpolarized electrons through chiral molecules can polarize the carrier spins via a spin filtering effect, and that the spin orientation is determined by molecular chirality (left or right handed).[12] CISS effect has been extensively studied using single molecule or self-assembled monolayers of DNA strands,[13] oligopeptides,[14] helicenes,[15] polymers,[16] metal-organic frameworks[17] and crystals[18], supramolecular nanofibers[19] etc. 

While organic molecules offer virtually limitless chemical tunability, they behave as insulators in terms of their bulk (long-range) electronic properties, which inhibits their direct integration with mainstream electronics or emerging two-dimensional (2D) nanoelectronics.[20,21] This can potentially be remedied by CNT-based CISS systems, which are more conductive than their organic molecular counterparts, and could provide a useful platform for practical spintronics devices. Initial studies have reported CISS effect in one or few carbon nanotubes which are functionalized with helical single-stranded DNA.[22–28] Whether this effect persists in a two-dimensional nanotube network remains unknown. Ability to induce spin polarization in 2D CNT network would allow imparting spintronic functionalities to myriads of devices developed on this platform over the past few decades.[2]

Despite significant experimental evidence in support of the CISS effect, its microscopic origin and a comprehensive and quantitative theoretical understanding remain elusive. Most theoretical models invoke molecular spin-orbit interaction to explain this effect, although the theoretically predicted effect is orders of magnitude smaller than the experimentally observed ones. In ref.[29] an “orbital polarization model” was proposed, which does not require spin-orbit interaction in the molecule. Instead, in this model, electrons become orbital polarized during their transport through chiral molecules and this orbital polarization is converted to spin polarization by the spin-orbit coupling at the electrodes, resulting in CISS signals. Although most experimental and theoretical studies employ molecules with helical or chiral geometries, it is inversion asymmetry which is a necessary ingredient for the CISS effect.[29,30] In principle, achiral inversion-asymmetric systems can also exhibit similar spin-selective phenomena.[29,31] Given that a wide range of organic molecules form efficient non-covalent binding with CNTs in water via hydrophobic interactions,[1,32,33] it remains unknown what role, if any, they play in inducing spin polarization in carbon nanotubes. 

To shed light on some of these unknowns, in this study we consider two-dimensional single walled (SW) CNT networks as our conductive medium of choice. Such 2D SWCNT networks offer a high degree of electrical conductivity, which is tunable with CNT concentration, doping etc. These networks are easy to fabricate using commercially available SWCNTs, their transport properties are well understood,[34–36] and they find a multitude of applications in electronics, optoelectronics and thermoelectrics.[2] As functionalization entities we choose dipeptides linked to Fmoc (N-Fluorenylmethoxycarbonyl) molecules (Figure 1(a)). Fmoc has a planar, aromatic achiral structure, which efficiently binds with CNTs[33,37,38] (as well as other Fmoc molecules[39–42]) in water, mainly via π-stacking interactions and form a three-dimensional network. Chirality can be introduced by appropriately choosing the side chains R1 and R2 (Figure 1a) in the amino acids that constitute the dipeptide. For example, Fmoc-diglycine (Fmoc-GG; R1 = R2 = H) is achiral whereas Fmoc-dialanine (Fmoc-AA; R1 = R2 = -CH3) or Fmoc-diphenylalanine (Fmoc-FF; R1 = R2 = -CH2Ph) are chiral and therefore the spin filtering effect can be studied in both enantiomers using L and D amino acids. In addition, among the various side chains, the ones with aromatic rings (such as FF) are expected to bind with CNTs more efficiently than the ones without (such as AA and GG). In this work amino acids having identical side chains and chirality were chosen (i.e. R1 = R2, LL or DD) for ease of comparison between different data sets.

We note that the average diameter of the nanotubes is ~ 0.84 nm, with a nominal circumference of ~ 2.64 nm, whereas the Fmoc-dipeptide molecules are approximately ~2 nm in length.[39] Thus, the nanotube wall can accommodate both the Fmoc and its side chain. This is supported by the Raman data discussed later in the paper. The choice of Fmoc-dipeptides as functionalization entities thus allows us to investigate the spin-dependent effects in a systematic way. We also note that Fmoc is a widely used protecting group in peptide chemistry and Fmoc-dipeptides are commonly used as supramolecular hydrogels and scaffolds for complex three-dimensional nanostructures.[38,43–45]

The key findings of this work are as follows: 
(a) We show for the first time that the CISS effect can be induced in two-dimensional conductive SWCNT networks using appropriate chiral functionalizations. This effect is immune to nanotube disorder and does not require helical functionalization of individual nanotubes. The spin signal is “long-range” and routinely survives length scales significantly exceeding 1 µm. This observation effectively bridges the gap between molecular spintronics and carbon-based two-dimensional (2D) nanoelectronics. 

(b) Presence of aromatic ring in the chiral side chain is necessary to observe the CISS effect, presumably due to their more efficient binding with CNTs. 

(c) Surprisingly, a non-zero spin signal has been observed in the case of a non-aromatic chiral group side chain. This effect, hitherto unreported, is independent of molecular chirality and hence cannot be ascribed to “chirality-induced” spin selective effect. 

(d) Finally, angle-dependent measurements show that the CISS signal not only depends on the chirality of the molecule but also on the applied magnetic field direction. To our knowledge this has not been reported before and we show that our results are qualitatively consistent with a recently proposed theoretical model.

2. Results and Discussion.

Fabrication of CNT hydrogel networks functionalized with Fmoc-FF, Fmoc-AA and Fmoc-GG has been described in the Supplementary Section using a modified protocol previously described by us.[38] Briefly, a suspension of SWCNTs was prepared in an aqueous basic solution of Fmoc-dipeptide, followed by sonication and centrifugation. Gelification in this case was triggered using Na2CO3 instead of using -gluconolactone to avoid additional chiral molecules in the media.[46–48] A slice of the gel is placed on Ni-Au electrode pairs (~ 100 nm thick, nominal electrode gap ~ 1‒2 µm) fabricated on SiO2/Si, dried at room temperature and subsequently annealed. Helium ion microscopic image of the final device structure is shown in Figure 1(b). Two-dimensional nanotube network, functionalized with Fmoc-dipeptides, is connected between the contacts. The SWCNTs used in this work are achiral.

Raman characterization (Figure 1(c)) performed on the xerogels shows that the Fmoc-dipeptide molecules are indeed interacting with the CNTs. Intensity of the G− peak (~ 1540 cm-1), which arises due to the transverse vibration of the carbon atoms, gets suppressed as a result of functionalization. The FF molecules (both L and D) are most effective in suppressing this peak, whereas the effect is weakest for GG and AA has an intermediate effect (GG < AA < FF). This trend is summarized in Figure 1(d), which shows the G−/G+ intensity ratio for each functionalization, measured on multiple samples. Apart from the intensity ratio, locations of all the signature peaks such as RBM (radial breathing mode, ~250-300 cm-1), G− (discussed above) and G+ (~ 1590 cm-1, which arises due to the longitudinal vibrations of the carbon atoms) are shifted as a result of functionalization (Figure 1(c)), indicating fractional charge transfer between the molecules and nanotubes.[38,49] This data is summarized in the Supplementary Section (Figure S2). 

As expected, the observed trend of GG < AA < FF in reducing the intensity of the G− band shows that Fmoc-FF is interacting more strongly with CNTs than Fmoc-AA and Fmoc-GG. As previously shown in ref.[33], among the hydrophobic interactions that bind together Fmoc-amino acids and CNTs, π-stacking interactions between the aromatic groups of the amino acids with the CNT show higher values of interaction energy. Additional hydrophobic interactions come from amino acid backbones, and the more hydrophobic Fmoc-AA backbone shows stronger interactions compared to that of Fmoc-GG.

Figures 2(a), (c) show typical current-voltage (I-V) characteristics of the Fmoc-FF samples (both L and D, Ni-Au contacts) as a function of temperature (T) at zero magnetic field. Typical semiconducting behaviour is observed at low temperatures which in some cases changes to weak metallic behaviour at high temperatures (insets of Figures 2 (a), (c)). This is a common occurrence in two-dimensional SWCNT networks and has been reported by various groups in the past.[22,25,34–36,50] This has been explained using a “heterogenous model” in which transport is viewed as metallic conduction in the tubes, interrupted by hopping or tunneling through small electrical barriers that arise from molecular functionalization, tangled regions, inter-tube junctions or tube defects.[34] In the low temperature range, conduction is therefore thermally activated, whereas at higher temperatures metallic conduction manifests. Figures 2 (b) and (d) show fitting of temperature-dependent resistance R(T) with the two dimensional variable range hopping model: R(T) ∝ exp (T0/T)1/3, where T0 is a parameter often referred to as the “characteristic temperature”.[51] A linear dependence is observed over a wide temperature range. Small deviations are observed at the low and high temperature limits, the latter due to the metallic conduction as described above. Deviations at low temperatures are consistent with the CISS phenomenon, as reported before.[22]
 
Figure S3 (Supplementary information) shows R(9K)/R(300K) at zero magnetic field for various functionalizations. For Fmoc-GG samples, the ratio is small (~2; also Figure S5), whereas for the Fmoc-FF samples the ratio is large (~10; also Figures 2 (a), (c) insets) and Fmoc-AA samples (Figure S4) fall in between. This is consistent with the GG < AA < FF trend observed from the Raman data earlier. Due to strong interaction with the CNTs, Fmoc-FF functionalized samples appear to suppress metallic conduction in the tubes and contribute additional potential barriers, which makes the conduction strongly thermally activated. 

Electrical detection of the CISS effect typically involves a two-terminal geometry in which the chiral layer is contacted between a magnetic (such as Ni) and a non-magnetic (such as Au) electrode.[10] Device resistances (R) are measured for two opposite magnetizations (± ) of Ni and due to the CISS effect, unequal resistances are observed. Defining the CISS signal as [R()  R (/ min [R (±  = Δ, the sign of Δ reverses as the chirality is reversed. Physically, carrier propagation in chiral systems generates chirality-dependent spin polarization, which either get transmitted or blocked depending on the direction of , giving rise to non-zero Δ.  Another property of CISS systems is that for a given chirality, I (, ± = I (, ±),[10] i.e. for a given , reversal of applied bias does not alter the conductance state of the device.

Origin of two-terminal magnetoresistance (MR) Δ in CISS systems has been discussed extensively in recent literature.[52–54] Based on Onsager reciprocity argument, it has been pointed out that the above two-terminal geometry cannot result in a non-zero Δ in the linear response regime i.e. when the I-V characteristics is linear, which typically happens in the low bias range.[52,53] However, no such restriction applies in the non-linear regime, where most of the experimental observations are made.[10,52,53] Recent experiments have shown non-zero two-terminal MR in both linear and non-linear regimes.[55] These results have been explained using a model proposed in ref.[54], which suggests that in a two-terminal geometry true equilibrium is reached with local spin accumulation on the non-magnetic electrode, which depends on  as well as molecular chirality.  Reversing  changes the local magnetization, which results in different conductances for ±.

Figures 3 (a)-(d) show two-terminal MR measurements on Fmoc-FF (L and D) samples. Direction of the magnetic field is perpendicular to the sample plane (θ = 90o), i.e. Ni magnetization is out-of-plane. A background negative MR is observed, which is a common occurrence in CNT networks[22,28,35,36,50], and originates from the magnetic field dependence of hopping conductivities in these samples.[28,35,36,56,57] Most importantly, we observe a non-zero Δ (= R(-12 kG)  R (+12 kG) / min [R (±12 kG)]) for each functionalization. For the L samples Δ is negative, whereas for the D samples Δ is positive. Figures 3 (e), (f) show bias dependence of resistance (computed by numerical differentiation of the I-V data), which shows the symmetric nature of device conduction for ±V. This data unequivocally demonstrates that CISS effect is induced in two-dimensional CNT networks by Fmoc-FF functionalization. We note that this effect is “long-range” i.e. it survives long channel length of ~ 2 µm, even in the presence of significant nanotube disorder. The experimentally accessible signal Δ is an “ensemble average”, and surprisingly the MR signal is still approximately in the same range of those obtained from ordered chiral molecules under comparable conditions.[10] In addition, due to the planar geometry, these devices do not suffer from the reliability issues encountered in the vertically stacked geometry.[58] 

Figures 4(a), (b) show the temperature dependences of background MR (defined as (R(0) - min[R(±12 kG)])/ min [R(±12 kG)]) and Δ respectively, as observed in Figure 3. The MR responses of both L and D follow a similar non-monotonic trend and gradually decrease with temperature. MR nonmonotonicity in CNT based chiral systems has been reported before[22–24], which arises due to an interplay between the quantum interference effect between the forward and reverse hopping paths and simultaneous suppression of carrier backscattering due to the CISS effect at low temperatures. The magnitude of the MR asymmetry signal Δ decays monotonically with temperature. This is presumably due to enhanced spin scattering at higher temperatures in CNTs, which has been reported before.[7]  An interesting observation from Figure 4(b) is that the CISS signal Δ from the D molecules is stronger than that of L. Origin of this will be discussed later in the paper.

The role of temperature and resulting lattice distortion on the CISS effect has received considerable attention recently. Ref.[59] investigates transport of polarons, formed as a result of strong electron-lattice coupling in chiral molecules, in presence of spin orbit coupling. A spin-momentum locking feature was observed which gives rise to significant spin polarization. The value of spin polarization increases with the number of atomic sites and finally saturates. Ref.[60] explored the role of interaction of electrons with lattice vibration in double-stranded DNA molecules, and it has been found to favor the CISS effect. Ref.[61] proposed spin-dependent electron-phonon coupling as a possible mechanism for the CISS effect. Lattice vibrations or phonons result in a variation of the crystal potential, which couples with spin via spin-orbit interaction. This has been shown to result in exchange splitting between the spin channels, which will result in spin-dependent transmission between a nonmagnetic and a magnetic electrode, similar to the CISS effect. Spin polarization has been found to increase with the molecular chain length, which is qualitatively consistent with ref.[59] and also agrees with prior CISS experiments as well as our observation of long-distance survival of the spin signal. With increasing temperature, spin polarization has been found to increase and then saturate. While this is consistent with the purely molecular CISS systems where room temperature signal was observed, our present study shows a different behavior. In the CNT based systems spin signal actually decays with temperature, which could be due to temperature dependent spin randomization mechanisms being active between the spin split channels.

Figure 4(c) shows angle (θ) dependence of normalized Δ as observed from multiple samples (both L and D). In each case normalization has been done relative to the corresponding maximum value of Δ (say Δmax) for ease of comparison. The MR responses shown earlier in Figure 3 are for θ = 90o, which corresponds to out-of-plane magnetic field (and hence out-of-plane Ni magnetization ); similarly, θ = 0o corresponds to in-plane magnetic field and in-plane ). The measurement geometry is shown in Figure 4(c) inset, as well as in Figure 1(b). Interestingly, we notice that for some angle ranges Δ has the same sign for both chiralities. Thus, the chirality-dependent response exists only in a few narrow ranges of θ (in the vicinity of 90o and 270o). Overall, Δ has a periodicity of ~360o. This is consistent with the general CISS behaviour in which Ni magnetization and chirality jointly select one direction along which current flow is favoured. 

Dependence of Δ on both  and chirality is consistent with recent theoretical models. According to the model proposed in ref.[54] the nonmagnetic contact (Au) is locally magnetized under equilibrium. This occurs as a result of transient spin transfer from the magnetic lead (Ni) through the chiral medium to Au, which ensures zero current under equilibrium. The induced local magnetization of the Au contact (say ) depends on  as well as molecular chirality. The induced magnetization  can be decomposed into two components that are perpendicular and parallel to Ni magnetization . The perpendicular component changes sign as  is reversed, but the parallel component remains unchanged. Thus, as  is changed  changes as well in a non-trivial way. Under small applied bias this setup generates non-zero Δ, which will clearly be dependent on  as well as molecular chirality.

To explore the existence of the CISS effect for other types of chiral molecular functionalization, we chose Fmoc-AA. Although Fmoc-AA is chiral, unlike Fmoc-FF its side chain is non-aromatic and hence it is expected to have weaker interaction with the CNTs. The Raman and transport data presented earlier confirms that this is indeed the case. Figure 5 shows MR responses of Fmoc-AA functionalized CNTs for θ = 90o. Background negative MR is present as before. Asymmetric MR (i.e. non-zero Δ) is present as well, which indicates spin-dependent transmission through the Ni spin detector. However, unlike Fmoc-FF the sign of Δ is independent of molecular chirality, and it is positive for both L and D samples. Chirality independence of Δ can be rationalized by invoking weak interaction of the chiral side chain with CNTs as discussed above. However it remains unclear why the MR asymmetry Δ manifested in the first place, since the chiral interaction is weak.

Figure 6 summarizes the salient features of the MR responses observed in Figure 5 such as (i) non-monotonic temperature dependence of the background MR (Figure 6(a)) and (ii) gradual decay of Δ with temperature. Unlike Fmoc-FF, in the case of Fmoc-AA Δ has the same sign (positive) for both L and D functionalizations. Figure 6(c) shows Δ as a function of Ni magnetization orientation θ. Unlike Fmoc-FF, the sign of Δ is virtually the same for L and D molecules at all measurement angles θ, which precludes detection of any “chirality-dependent” behaviour at any angle.

Since side chain interaction with CNTs appears to have an influence on Δ, next we chose Fmoc-GG as the functionalization agent. Fmoc-GG is achiral and has the weakest interaction with SWCNTs compared to Fmoc-AA and Fmoc-FF as discussed earlier. Figure 7 shows the MR responses of Fmoc-GG functionalized SWCNTs. The background negative MR is present, but MR asymmetry Δ could barely be detected above the noise level (for θ = 90o and other angles). Combined with the Fmoc-FF and Fmoc-AA data presented above, this shows that the side chain interaction with SWCNT plays a central role in determining Δ, which is related to the spin polarization of the carriers.

There are two primary sources of interaction between Fmoc-dipeptides and CNTs: (a) interaction of the aromatic rings belonging to the Fmoc group with CNTs and (b) interaction of the dipeptide side chains with CNTs. The former is common for all the molecules discussed above, and the latter is variable with a trend GG < AA < FF as discussed before. In case of Fmoc-GG, side chain interaction is negligible, and hence absence of Δ in this case indicates that the interaction of the Fmoc group aromatic rings with CNT does not result in any spin-polarization of the charge carriers. 

The MR asymmetry Δ (implying carrier spin polarization) in case of Fmoc-AA must therefore be attributed to the peptide side chain interaction with the CNTs. However, this induced spin polarization is not dependent on molecular chirality, as demonstrated in Figures 5 and 6, and hence doesn’t fall under the category of “chirality-induced” spin selectivity (CISS). As discussed earlier, this could be related to the inherent inversion asymmetry of the chiral molecules considered.[29,31] Chirality independence of Δ could be attributed to the weak interaction of the chiral side chain with CNTs.

If the above hypothesis is correct then this inversion-asymmetry related Δ should also be present in case of Fmoc-FF, although in this case strong side chain interaction dominates the MR response and gives rise to CISS effect. This underlying inversion asymmetry effect could explain why the Δ signals have different magnitudes for Fmoc-FF (L) and Fmoc-FF (D) as shown in Figure 4(b). As seen from Figure 5, this inversion asymmetry effect results in positive Δ, which will oppose the CISS signal for Fmoc-FF (L) and aid the CISS signal for Fmoc-FF (D). Therefore, the D signal (positive Δ) in Figure 4(b) is stronger than the L signal (negative Δ), because it is a combined effect of the molecular chirality as well as inherent inversion asymmetry.

To summarize, in this study we have tested the role of molecular functionalization on inducing spin polarization in two-dimensional carbon nanotube networks. Achiral, aromatic interactions (such as the Fmoc group with CNT in the case of Fmoc-GG) did not result in any detectable spin signal. “Weak” chirality was then introduced in the system by replacing the side group with a non-aromatic but chiral entity (the case of Fmoc-AA, which interacts weakly with CNT). This resulted in a chirality-independent spin signal, presumably due to the inversion asymmetry of the system. Next, “strong” chirality was introduced by replacing the side chain with an aromatic chiral entity (the case of Fmoc-FF, which interacts strongly with CNT). This resulted in a spin signal which is a combination of the chirality dependent part as well as the inversion asymmetric part. Effect of inversion asymmetry on spin signals is a virtually unexplored area, especially compared to their CISS counterpart. Further studies in this area are needed to generate a coherent understanding of these phenomena.

Looking at the bigger picture, this study indicates that long-range (~ 1‒2 µm) spin dependent effects can be induced in a wide variety of two-dimensional carbon-based materials functionalized with appropriate chiral entities. We offer preliminary “rules of thumb” regarding what molecular structural features could be most appropriate for this purpose. Since the CISS effect is enhanced with the spatial extent of the chiral scattering path, the proposed scheme can result in even longer-range (presumably tens of microns or more) spin information transmission. Some of these studies are currently in progress. 
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Figure 1. (a) Molecular structure of Fmoc–dipeptides and the chosen side groups (R1, R2): (a) Gly (G), (b) Ala (A), and (c) Phe (F). (b) Helium ion microscope (HiM) image of a typical device. Two-dimensional functionalized carbon nanotube networks are connected between Au and Ni electrodes. Channel length ~ 2 µm. Sample plane is X-Y, with the X axis coinciding with the magnetic field B at θ = 0o. For angle (θ)-dependent measurements, the sample plane is rotated clockwise relative to the Y axis as shown, with the magnetic field direction remaining fixed. This changes the Ni magnetization direction as well as the angle between magnetic field and the two-terminal current. At 0o Ni magnetization is in-plane, whereas at 90o it is out of plane. In this study magnetic field is applied by an electromagnet and I-V and MR measurements are performed using Keithley Dual Channel Source Meter and a Picotest Multimeter. (c), (d) Raman characterization of the functionalized nanotubes.
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Figure 2. Current-voltage (I-V) characteristics (at zero magnetic field) of (a) Fmoc-FF (L) and (c) Fmoc-FF (D) functionalized SWCNTs with Ni-Au contacts. (b), (d) Fitting of device resistance R (= dV/dI) with the variable range hopping model for d = 2. 





[image: ]

Figure 3. (a)-(d) Asymmetric MR (θ = 90o) of achiral SWCNTs functionalized with Fmoc-FF (L or D) at various temperatures. Applied bias is 0.5 V in all cases. Solid (open) symbols indicate magnetic field scan from negative (positive) to positive (negative) fields. MR asymmetry has been found to be chirality-dependent. (e), (f) Differential resistance (dV/dI) vs bias (V).
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Figure 4. (a) Temperature dependence of background MR (at θ = 90o) for Fmoc-FF (L or D) functionalized SWCNTs. (b) MR asymmetry Δ (%) as a function of temperature (at θ = 90o). (c) Normalized Δ (%) at different orientations of Ni magnetization. Sample is in the X-Y plane. For each sample, normalization is done relative to the corresponding maximum value of Δ. Responses from two different samples are shown for each functionalization. Applied bias is 0.5 V in all cases. 
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Figure 5. (a)-(d) Asymmetric MR of Fmoc-AA (L or D) functionalized SWCNTs using Ni-Au contacts at various temperatures (θ = 90o). Applied bias is 0.5 V in all cases. Solid (open) symbols indicate magnetic field scan from negative (positive) to positive (negative) fields. MR asymmetry is independent of molecular chirality.
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Figure 6. (a) Temperature dependence of background MR (θ = 90o) for Fmoc-AA (L or D) functionalized SWCNTs. (b) Δ (%) as a function of temperature. (c) Normalized Δ (%) at different magnetization orientations of Ni. Sample is in the X-Y plane. For each type of sample, normalization is done relative to the corresponding maximum value of Δ. Applied bias is 0.5 V in all cases.
[image: ]

Figure 7. (a), (b) Symmetric MR of Fmoc-GG functionalized SWCNTs using Ni-Au contacts at various temperatures (θ = 90o). (c) Temperature dependence of background MR. MR asymmetry signal Δ is zero (below the noise margin of the measurements) for Fmoc-GG functionalization. 
[bookmark: _GoBack]
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