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Abstract 

 

Spin-orbit coupling of a chiral medium is generally assumed to be a necessary ingredient for the 

observation of the chirality-induced spin selectivity (CISS) effect. However, some recent studies have 

suggested that CISS may manifest even when the chiral medium has zero spin-orbit coupling. In such 

systems CISS may arise due to an orbital polarization effect, which generates an electromagnetochiral 

anisotropy in two-terminal conductance. Here, we examine these concepts using a chiral functionalized 

carbon nanotube network as the chiral medium. A transverse measurement geometry is used which 

nullifies any electromagnetochiral contribution, but still exhibits the tell-tale signs of the CISS effect. This 

suggests that CISS may not be explained solely by electromagnetochiral effects. The role of nanotube 

spin-orbit coupling on the observed pure CISS signal is studied by systematically varying nanotube 

diameter. We find that the magnitude of the CISS signal scales proportionately with the spin-orbit coupling 

strength of the nanotubes. We also find that nanotube diameter dictates the supramolecular chirality of the 

medium, which in turn determines the sign of the CISS signal. 
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I. INTRODUCTION.  

The phenomenon of chirality-induced spin selectivity or CISS has recently attracted significant global 

attention, due to its potential implications in various fields such as spintronics, optoelectronics, 

enantioseparation, and spin-selective electrochemical and biological processes.1,2 The key observation 

underpinning the CISS effect is that the chiral structures, for which the mirror images are non-

superimposable, exhibit a preference to transmit a particular orientation of spin (up or down).1,2 Such 

phenomenon can potentially be exploited to realize efficient non-magnetic, molecular scale spin filters, 

which are not only critical for miniaturization of spintronic devices, but also because they may enable 

novel device designs to control spins for various quantum technologies.1,3  

 

Many organic molecules such as DNA, amino acids, polypeptides, helicenes etc. are chiral, and hence 

they are commonly used in a vast majority of studies on CISS.4–7 Transmission of spin unpolarized 

electrons (typically injected from a non-magnetic Au contact)  through the chiral molecules imparts spin 

polarization, which is detected by a magnetic contact such as Ni. However, these molecules behave as 

insulators in terms of their bulk electronic conductivity, which limits their device applications. CISS 

experiments on single or few molecules typically involve magnetoconductance measurements using an 

atomic force microscopic (AFM) tip.5,7,8 Due to the uncertainty in forming good tip-molecule contact, 

such measurements show significant fluctuations, thereby necessitating computation of statistical average 

over many scans taken under nominally identical conditions. Experiments done in a solid-state device 

configuration, where transport occurs through a large ensemble of molecules, typically show weaker 

signals, presumably due to inhomogeneous spin polarization contributions from different non-equivalent 

current paths.7–9 Recently, CISS has also been reported in chiral crystals,10,11 and hybrid perovskites.12,13 

 

Another emerging system for studying CISS in the solid-state device context is artificial higher order 

nanostructures in which conductive materials of superior electronic and spintronic properties (such as 

various two-dimensional (2D) van der Waals crystals) are integrated with chiral molecules to create chiral 

nanostructures with complex forms and hierarchy. Ref.14 reported a structure in which chiral molecules 

are intercalated between the 2D atomic layers of TaS2 and TiS2. A similar structure has been reported in 

ref.15, where chiral molecules are intercalated between the 2D atomic layers of MoS2. In both of these 

cases, electronic transport occurs in the out-of-plane direction, and hence the observed CISS effect arises 

purely due to the transport of carriers through the chiral molecules in the interlayer regions. While the 2D 

layers offer structural stability and robustness to the devices, their planar electronic properties remain 

largely untapped. Thus, conceptually, these are very similar to the earlier experiments discussed above. 

https://www.zotero.org/google-docs/?6kb3No
https://www.zotero.org/google-docs/?YIDApm
https://www.zotero.org/google-docs/?tCr1Fc
https://www.zotero.org/google-docs/?cplKwu
https://www.zotero.org/google-docs/?dvw8OP
https://www.zotero.org/google-docs/?nj7ybQ
https://www.zotero.org/google-docs/?txL8Tg
https://www.zotero.org/google-docs/?C2pSfb
https://www.zotero.org/google-docs/?0FtEp5
https://www.zotero.org/google-docs/?zDXjLI
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In principle, CISS can manifest in magnetotransport experiments performed on conductive inorganic 

nanostructures with non-zero spin-orbit coupling, subjected to a chiral electrostatic potential induced by 

attached chiral molecules. In such systems, charge transport should primarily occur via the conductive 

inorganic crystal, since the attached molecules are insulators beyond the tunneling regime of transport. 

The charge carriers, however, experience the chiral potential during transit, which, combined with spin-

orbit coupling, is expected to polarize the spins via the CISS effect.  

 

Carbon nanotubes (CNTs) are particularly interesting in this regard, because they behave as one-

dimensional molecular conductors whose electronic properties are determined by delocalized molecular 

orbitals that are extended along their lengths. More importantly, they can be functionalized by a vast 

selection of chiral molecules as reported in the literature.16,17 Such functionalizations are often non-

covalent in nature, implying minimal deterioration of the intrinsic crystal structure of the CNTs. CNT 

functionalization  using single stranded DNA was first reported in refs.18,19 Possibility of observing CISS 

effect in such systems was investigated theoretically in refs.20,21, and demonstrated experimentally in 

refs.22–25 Such experiments typically probe few CNTs, and large signals can be observed at low 

temperatures.22–24  

 

CNTs can be functionalized using chiral peptides as well.26–29 The CISS effect in such systems has been 

reported in refs.30–32 It has been found that the CISS effect survives structural heterogeneity of a planar 

random network, albeit at the cost of reduced signal strength compared to the “few tubes” configuration 

mentioned above. It has also been found that the global supramolecular chirality dictates the CISS signal, 

instead of the chirality of the molecular units or the chirality of the nanotubes.31 CISS signal can be tuned 

in such systems by introducing small amounts of chiral “dopants”, which can effectively invert the 

supramolecular chirality of the system.31 Given the emergence of random CNT networks as a competitive 

material for solution-processed thin-film electronics, the above results open a way to introduce spintronic 

functionalities in such applications.33,34 

 

Theoretical understanding of CISS continues to remain an open problem.2 Three necessary ingredients for 

the observation of CISS have been identified, such as (a) spin-orbit coupling, (b) structural inversion 

asymmetry (introduced by medium chirality) and (c) time reversal asymmetry (typically introduced by 

magnetic field in magnetotransport experiments). Recently ref.35 suggested that the spin-orbit coupling of 

the metal electrode is more important than that of the chiral media. In this model, one can ignore the spin-

https://www.zotero.org/google-docs/?67bJ8V
https://www.zotero.org/google-docs/?ADe9b9
https://www.zotero.org/google-docs/?3y0cOJ
https://www.zotero.org/google-docs/?jtQzPX
https://www.zotero.org/google-docs/?gWCNkv
https://www.zotero.org/google-docs/?rZxOiv
https://www.zotero.org/google-docs/?65a3rd
https://www.zotero.org/google-docs/?oZIWjq
https://www.zotero.org/google-docs/?AUNXgW
https://www.zotero.org/google-docs/?szu4O3
https://www.zotero.org/google-docs/?vqMQIj
https://www.zotero.org/google-docs/?FPNi3Q
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orbit coupling of the chiral medium, and treat it as a polarizer of carrier orbital angular momentum. The 

spin-orbit coupling in the electrodes converts the orbital polarization to spin polarization, thereby resulting 

in CISS effect. This mechanism gives rise to an electromagnetochiral (EMCh) response, with resistance 

of the form 𝑅(𝐵, 𝐼)  =  𝑅0 − 𝑅𝜒𝐵. 𝐼, where 𝑅0 is ordinary resistance, 𝑅𝜒 is the chirality dependent 

resistance, B is the magnetic field, and I represents current.36 Recently, it has been suggested that such 

EMCh effect could give rise to the CISS effect by modulating the tunnel barrier between the contacts in 

CISS experiments.37  

 

To examine these issues, we have recently studied the CISS effect in chiral functionalized planar CNT 

networks using a transverse configuration, in which the applied magnetic field is perpendicular to the 

current paths.32 The tell-tale signs of the CISS effect have still been observed, indicating non-zero spin 

components transverse to the current direction.32 It is important to note that in this transverse configuration 

the EMCh contribution is zero (since 𝐵. 𝐼 = 0), and hence the observed response can be considered as a 

pure CISS signal, devoid of any other spurious chiral effects. The next question is does the spin-orbit 

coupling of the CNTs contribute to this pure CISS signal? Although graphene, the parent material of CNTs, 

has very weak spin-orbit coupling due to low atomic number of elemental carbon, CNTs, on the other 

hand show strong spin-orbit coupling due to orbital mixing induced by curvature.38–40 For example, 

intrinsic spin-orbit effects in graphene is expected to appear at energy scales of ~1𝜇eV, whereas in the 

case of SWCNTs, it is ~100𝜇eV–1meV.39,41,42 Curvature induced spin-orbit coupling in CNTs typically 

has the following form: 𝛤~ 𝛾𝑎𝛥𝐴
𝑆𝑂𝐶/𝑅, where 𝛾 is a parameter which can range between 0.01–1, a is 

nearest neighbor carbon-carbon distance, 𝛥𝐴
𝑆𝑂𝐶is the atomic spin-orbit interaction of carbon and R is the 

nanotube radius.21  Thus, CNT radius is an experimental handle that allows tuning of the spin-orbit 

interaction and could affect the CISS signal. Double wall (DW) and multi wall (MW) tubes typically have 

larger diameters and therefore, they could be used for this investigation.  

 

II. RESULTS AND DISCUSSIONS. 

To test the above hypothesis, we studied planar CNT networks functionalized with Fmoc-diphenylalanine 

(or, Fmoc-FF) + glucono-𝛿-lactone (GdL). Molecular structures of these chiral moieties are shown in 

Figure S3 (Supplementary Information). We considered single wall (SW), double wall (DW) and multi 

wall (MW) tubes, with multi wall tubes having higher than two shells. A typical cross-sectional image of 

these tubes is schematically shown in Figure 1(a), with SW-, DW- and MWCNTs having average 

diameters of ~0.82 nm, ~0.9 nm, and ~9.5 nm respectively, as specified by the vendor. Diameters of SW- 

and DW-CNTs have been confirmed independently by us from the Raman radial breathing mode (RBM) 

https://www.zotero.org/google-docs/?UCBMnq
https://www.zotero.org/google-docs/?XzMhsq
https://www.zotero.org/google-docs/?KiSJYj
https://www.zotero.org/google-docs/?NPZhqu
https://www.zotero.org/google-docs/?xS0FaO
https://www.zotero.org/google-docs/?Otdf7D
https://www.zotero.org/google-docs/?QhZrcT
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of the raw tubes, as discussed in the Supplementary Information Section (Figure S1). The diameter of 

MWCNTs can also be estimated from a Scanning Electron Microscopic (SEM) image as shown in Figure 

1(b), although it’s important to note that these tubes are attached with molecules, so they tend to exhibit 

larger diameters.  

 

Synthesis of functionalized CNT networks has been reported before.30–32 Briefly, a CNT suspension is 

created in a basic aqueous solution of Fmoc-FF via sonication. Next, GdL is added, which lowers the pH, 

resulting in the collapse of the peptide molecules and formation of a three-dimensional peptide hydrogel 

network, encapsulating the CNTs. The network formation takes place via 𝜋-𝜋 interaction and hydrogen 

bonding between the peptide molecules as well as between the peptide molecules and CNT sidewalls.26 

Since the FF side chain is chiral, its interaction with the CNTs is expected to induce chirality dependent 

effects in magnetotransport measurements. Additional experimental details are available in the 

Supplementary Information section. 

 

For the fabrication of the device, a slice of the gel is placed between Ni-Au contact pairs fabricated on 

SiO2/Si. The Ni contact is protected by a photoresist layer to prevent oxidation, which is only removed 

immediately before placing the gel. The Au and Ni contacts are made significantly large in dimension to 

minimize the contact resistance contributions in the two-terminal CISS measurements. Finally, the sample 

is annealed, which results in a xerogel structure contacted by Ni-Au. The device made in this procedure 

remains electrically stable for at least several weeks. An SEM image of the final device structure is shown 

in Figure 1(b). 

  

Figure 1(c) shows the Raman spectra of the functionalized CNTs. The G band appears in all samples, 

typically at ~1580–1600 cm-1, and is due to the longitudinal vibrations of the carbon atoms in the graphitic 

lattice. A weak shoulder peak is also observed in the G band, which is due to the tangential vibrations of 

the carbon atoms. Presence of a strong G peak in all cases indicates that the underlying graphitic lattice is 

mostly unaffected even after functionalization. All samples show a defect (D) peak around ~1350 cm-1, 

which typically manifests after the sonication step (ref. “Experimental Details” in Supplementary 

Information) due to the broken ends of the tubes. Thus, MWCNTs naturally have a stronger D band, which 

is consistent with past studies.43,44 The G’ (or, 2D) band is observed around ~2680 cm-1. In some cases 

small peaks are observed at ~2930 cm-1, which is attributed to the G+D peak.44 Low energy radial 

breathing modes (RBM) are absent in functionalized DW- and MWCNTs. This is due to the fact that the 

RBM frequency depends inversely on tube diameter (Supplementary Information) and the large diameter 

https://www.zotero.org/google-docs/?KBla00
https://www.zotero.org/google-docs/?L8DQL3
https://www.zotero.org/google-docs/?tKVgzs
https://www.zotero.org/google-docs/?1azrE9
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of these tubes makes the detection of RBM difficult. Also, the attached molecules may cause suppression 

of radial vibration. However, RBM peaks are present in functionalized SWCNTs in the range of 260–280 

cm-1. 

 

Figure 1(d) shows temperature-dependent resistance (R vs. T) of functionalized SW-, DW- and MWCNT 

samples in the range 10K–300K. In all cases we observe negative temperature coefficient of resistance 

i.e. the resistance decreases with increasing temperature (dR/dT < 0), which is consistent with earlier work 

on CNT networks.45–49 Such behavior is generally explained by a “heterogeneous transport” model.50 In a 

CNT network like ours, there exist potential barriers due to tube defects and inter-tube crossings, which 

will localize charge carriers in the nanotube segments. Carrier transport occurs via transport inside each 

nanotube segment coupled with phonon-assisted tunneling or hopping from one segment to another 

(schematically shown in Figure 1(a)). Narrower tubes (SW, DW) have larger band gaps compared to the 

MW tubes, resulting in a more semiconducting type behavior inside the tube segments. Thus, the overall 

resistance of the SW- and DW tubes are more sensitive to temperature compared to the MW tubes, which 

is observed in Figure 1(d). Multiple samples (~10) of each tube type have been tested, and each sample 

has been scanned multiple times. The error bars from these measurements are indicated in Figure 1(d), 

which shows that the R(T)/R(300 K) response is remarkably consistent. It is to be noted that in our case 

the nanotube walls are attached with chiral molecules, and hence the carriers in the nanotubes will 

experience a chiral potential as well as spin-orbit interaction of the nanotube.  

 

For the magnetoresistance (MR) measurements we choose a transverse configuration, in which the 

magnetic field, and hence Ni magnetization is perpendicular to the sample plane and hence perpendicular 

to any in-plane current path (Figure 1(b)). Most studies in CISS employ a longitudinal configuration, in 

which the magnetic field is collinear with the current, and a spin component collinear to the current is 

detected.1 However, signals from such geometry may have a contribution from the EMCh effect due to 

the non-zero B.I term as discussed above. The transverse geometry chosen here tunes out any such 

contributions. Our earlier work has shown that even in this transverse configuration a clear CISS signal 

can be observed, which indicates the presence of a spin component transverse to the direction of the 

current.32 Such transverse CISS signals can be viewed as a pure CISS signal, devoid of any artifacts arising 

from the EMCh effect. 

 

MR effect in CNT networks, consisting of both SW- and MWCNTs, has been reported by multiple 

groups.45–48,51–54 In all cases, negative MR is observed in a transverse geometry i.e. resistance R decreases 

https://www.zotero.org/google-docs/?PfdL7h
https://www.zotero.org/google-docs/?4EeTNG
https://www.zotero.org/google-docs/?UVtWz8
https://www.zotero.org/google-docs/?zzfYlv
https://www.zotero.org/google-docs/?msufvy
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with increasing magnetic field (B) strength, at low temperatures and low magnetic fields. The negative 

MR is often attributed to quantum interference induced localization effects, and is symmetric relative to 

the magnetic field, i.e. R (+ B) = R (– B). In our experiments, the CNT network is functionalized with 

chiral molecules and they are contacted with one magnetic (Ni) and one non-magnetic (Au) electrode. As 

shown in Figures 2(a), (c), (e), we also observe a low temperature, low field negative MR for SW-, DW- 

and MWCNTs respectively. The key difference is that the MR is no longer symmetric relative to B, i.e. R 

(+ B) ≠ R (– B), and this asymmetry (or, the “tilting”) of the MR curves is dependent on the chirality of 

the functionalized CNT network, as shown clearly in the insets of Figures 2(a), (c), (e). As shown in our 

earlier work, if achiral molecules are used, the MR response regains its symmetry.30 According to the 

standard CISS picture, chiral medium polarizes electron spin, which experiences different transmission 

probabilities through the Ni electrode depending on its magnetization, resulting in an asymmetric R(B) 

response. 

 

To isolate the asymmetric component due to the CISS effect, we plot the asymmetric and symmetric 

components of the MR response in Figures 2(b), (d), (f), computed as 𝑅𝑆𝑦𝑚/𝐴𝑠𝑦𝑚 = [𝑅(𝐵) ± 𝑅(−𝐵)]/2. 

It is clear that the asymmetric component is chirality dependent. The magnitudes of the symmetric and 

the asymmetric components are computed as 𝛿𝑆𝑦𝑚 = 𝑅𝑆𝑦𝑚(0)  −  𝑅𝑆𝑦𝑚(±10𝑘𝐺) and 𝛿𝐴𝑠𝑦𝑚 =

|𝑅𝐴𝑠𝑦𝑚(+10𝑘𝐺) −  𝑅𝐴𝑠𝑦𝑚(−10𝑘𝐺)|, and the normalized signal is computed as 𝛿𝐴𝑠𝑦𝑚/𝛿𝑆𝑦𝑚 × 100%. 

 

Figure 3(a) shows the 𝛿𝐴𝑠𝑦𝑚/𝛿𝑆𝑦𝑚 ratio for SW-, DW- and MWCNTs. Clearly the CISS-induced 

asymmetry of the MR signals decreases with increasing number of walls (or, average tube diameter). 

Multiple (~10) samples have been tested for each type of CNT, and each sample has been scanned multiple 

times. The corresponding error bars are shown in Figure 3(a). The above trend is always observed – i.e. 

MWCNT signals are always weaker than that of SWCNTs, while DWCNTs typically show an 

intermediate signal strength. In literature, the CISS signal is often computed as 𝛿𝐶𝐼𝑆𝑆 = [𝑅(−10𝑘𝐺) −

𝑅(+10𝑘𝐺)]/𝑚𝑖𝑛[𝑅(±10𝑘𝐺)]𝘹 100%,1 and |𝛿𝐶𝐼𝑆𝑆| is plotted in Figure 3(b). Clearly, |𝛿𝐶𝐼𝑆𝑆| for 

MWCNTs is weaker by an order of magnitude compared to that of SWCNTs and DWCNTs.  The error 

bars in Figure 3(b) indicate that this observation is consistent from sample to sample. 

 

MWCNTs consist of multiple coaxial graphene cylinders of different diameters. In most experiments, 

including ours, the MWCNTs are contacted by bulk metallic pads, which form electrical contact only with 

the outermost shell, and hence current is injected and extracted via the outermost graphene cylinder. This 

https://www.zotero.org/google-docs/?HbApFT
https://www.zotero.org/google-docs/?aDW528
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is described schematically in Figure 1(a). Combined with the weak coupling between the shells, which 

prohibits inter-shell electron hopping at low temperatures, earlier experiments have reported that current 

flows primarily through the outermost shell.55,56 Although the presence of defects in the CNT walls can 

cause some inter-shell hopping, the outermost shell is expected to be the primary conduction channel due 

to the above reason, which is also attached with chiral molecules and the carriers are subjected to the chiral 

potential.  As discussed before, we consider the mean diameters of DW- and MWCNTs, which are 

estimated to be ~ 0.9 nm and ~ 9.5 nm respectively. Clearly, there exists an order of magnitude difference 

in the diameters between SW-/DWCNTs (~ 0.82 nm and ~ 0.9 nm respectively) and MWCNTs (~ 9.5 

nm), which should result in an order of magnitude reduction of the spin-orbit coupling strength of 

MWCNTs compared to SW-/DWCNTs. This is expected to result in a concomitant order of magnitude 

reduction in the CISS signal for MWCNTs, which we indeed observe in Figure 3(b). Comparing |𝛿𝐶𝐼𝑆𝑆| 

of SWCNTs and DWCNTs, they differ by a factor of ~2.2, whereas their diameters differ by a factor of ~ 

1.1, which are relatively close values and within the same order of magnitude. Therefore, the systematic 

reduction of the CISS signal with nanotube radius, as observed in Figure 3(b), can be attributed to the 

gradual reduction of the CNT spin-orbit coupling with increasing radius. 

 

Figure 3(c) shows the 𝛿𝐴𝑠𝑦𝑚/𝛿𝑆𝑦𝑚 ratio for SW-, DW- and MWCNTs at different temperatures. A 

monotonic decreasing trend is observed, which has been reported before in CNT-based systems,30–32 

presumably due to increased spin relaxation in CNTs at higher temperatures.57 At all temperatures 

SWCNT signal is the strongest, MWCNT is the weakest and DWCNT has an intermediate value. This is 

consistent from sample-to-sample, as indicated by the error bars. We also note that the CISS signal 

manifests in the 10K–30K range, which corresponds to an energy scale of 0.86 meV–2.58 meV. This 

matches with the ~1meV spin-orbit energy scale of CNTs discussed above. 

 

In CNTs, bandgap depends inversely on diameter, and the larger-diameter multiwall tubes tend to be 

metallic. This explains why the MWCNT resistance is much smaller than SW/DW-CNT resistance values 

as seen in Figure 2. This metallic behavior of MWCNTs is also visible in Figure 1(d), where it shows 

much weaker temperature dependence compared to SW/DW-CNTs. 

 

The trends reported above are based on normalized quantities such as  𝛿𝐴𝑠𝑦𝑚/𝛿𝑆𝑦𝑚 and 𝛿𝐶𝐼𝑆𝑆, and not on 

specific resistance values. Further, we have shown data from multiple samples (~10), and each sample has 

been tested multiple times. The error bars are indicated in our data. Our conclusions are based on the 

https://www.zotero.org/google-docs/?lpxPzp
https://www.zotero.org/google-docs/?IO1JP3
https://www.zotero.org/google-docs/?BqUvu8
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overall statistical trend, and not on any specific device. Thus we believe that device-to-device variation 

has already been factored-in in our conclusions.   

 

A curious feature of the MR responses is that the SWCNT samples exhibit opposite chirality dependent 

behavior compared to the DW and MW samples, as seen from Figures 2(b), (d), (f). To understand this, 

we investigate the circular dichroism (CD) response of the diluted CNT samples (Figure 4; also see 

Supplementary Information for HT spectra), which suggests that an inversion of the supramolecular 

chirality of the peptide fibers is taking place mediated by the type of nanotube. This effect is well-known 

in literature, as supramolecular interactions are non-covalent and can be affected by several internal and 

external stimuli such as chiral or achiral molecules, different additives, and changes in the pH of the media, 

solvent composition or by the application of heat, light or sonication.58–60 Recently, it has been shown that 

supramolecular chirality can be inverted by the size of Au nanoparticles (NPs) through the interaction of 

the organic molecules with the different curvatures of the NPs.61 Presumably, a similar effect is occurring 

here, as different CNT samples have a different radius and hence different curvature. Figure 4(a) shows 

the usual supramolecular arrangement of these type of peptides corresponding to a 𝛽-sheet and 

characterized by the presence of two peaks: one at ∼270 nm (π - π* transition of the fluorenyl groups) and 

the other more intense peak at ∼220 nm (π - π* transition of the amino acids).62  The CD spectra of the 

Fmoc-FF (L) derivative (red color) showed negative values while the D derivative (blue color) showed 

positive values. Figure 4(b) shows the CD spectra of the peptide solutions (Fmoc-FF) at the same 

concentration but now interacting with a suspension of SWCNT (0.35%). In this case, the interaction with 

the SW tubes produced an inversion of the supramolecular chirality of the peptides, now showing positive 

values for the L derivative (red color) and negative values for the D derivative (blue color). Nevertheless, 

this inversion in the chirality was not observed for the other two samples containing DW- and MWCNT 

(Figures 4(c) and (d)). In these cases, the sign of the curves was the same as the initial Fmoc-FF peptide 

solutions of Figure 4(a). As such, the opposite CISS values of SWCNT samples with respect to DW- and 

MWCNTs (as observed in Figure 2) can be explained based on the opposite supramolecular chirality of 

the peptide-CNT samples.8,31 

 

III. CONCLUSIONS. 

To summarize, the physical origin of CISS is often debated, in particular the role of spin-orbit interaction 

of the chiral medium, and the effect of other EMCh effects on CISS. In this study, we nullified the EMCh 

effect using a transverse geometry, but still observed the characteristic CISS signals. The strength of this 

pure CISS signal scales proportionately with the spin-orbit strength of the medium. Thus, CISS cannot be 

https://www.zotero.org/google-docs/?tUwtvV
https://www.zotero.org/google-docs/?R9gcvg
https://www.zotero.org/google-docs/?mNW6Om
https://www.zotero.org/google-docs/?vTmh1e
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explained solely based on EMCh and spin-orbit coupling of the medium indeed plays a critical role. Spin-

orbit coupling is generally considered to be a “double-edged sword" in spintronics, because on one hand 

it allows external electric field control of the spin orientations, but on the other hand, it can also cause spin 

dephasing. It appears that in CISS systems, spin signal actually increases with the spin-orbit coupling 

strength, which is different from conventional materials. The CISS signal is dictated by the supramolecular 

chirality of the medium, consistent with previous studies. 

 

 

SUPPLEMENTARY INFORMATION 

Supplementary Information includes I. Experimental details, II. CNT diameter estimation from Raman 

RBM data, III. HT spectra, IV. Molecular structures of Fmoc-FF and GdL. 
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Figure 1. (a) Schematic diagram of CNTs connected between Au and Ni contacts. Electrical contacts are 

primarily with the outer shell of the tubes and the current path is primarily via the outer shell, as indicated 

by the arrows. (b) Scanning Electron Microscopic (SEM) image of the device. Main image shows a single 

MWCNT, contacted by an Au-Ni electrode pair. Inset shows a network of MWCNTs. Magnetic field B is 

perpendicular to the average direction of current (I) flow, which lies in the sample plane. (c) Raman 

characterization of the functionalized tubes, taken at 532 nm, showing the signature peaks. (d) Typical 

temperature-dependent resistance of the functionalized tubes. 
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Figure 2. (a), (c), (e) Chirality-dependent MR effects in SWCNT, DWCNT and MWCNT networks 

respectively. (b), (d), (f) Asymmetric (main image) and symmetric (inset) components of the MR 

responses. 
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Figure 3. (a) CISS-induced asymmetry of the MR curves as a function of tube diameter. (b) CISS signal 

as a function of tube diameter. (c) MR asymmetry as a function of temperature for SW-, DW- and 

MWCNTs. 
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Figure 4. (a) CD spectra of the Fmoc-FF peptide solutions. (b) CD spectra of Fmoc-FF–SWCNT 

suspensions. (c) CD spectra of Fmoc-FF–DWCNT suspensions and (d) CD spectra of Fmoc-FF–MWCNT 

suspensions. In all measurements the peptide concentration was 5 mM and CNT concentration was 0.35%. 

Red color corresponds to the Fmoc-FF (L) derivative and blue color corresponds to the Fmoc-FF (D) 

derivative. CD spectra have been normalized for comparative purposes. 

 

 

 

 


