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In the last decade, chirality-induced spin selectivity (CISS) has undergone intensive study. However,
there remain several critical issues, such as the microscopic mechanism of CISS, especially transverse CISS
where electrons are injected perpendicular to the helix axis of chiral molecules, quantitative agreement
between experiments and theory, and at which level the molecular handedness is key to the CISS. Here,
we address these issues by performing a combined experimental and theoretical study on conducting
polyaniline helical nanofibers which are synthesized in the absence of any chiral species. Large spin
polarization is measured in both left- and right-handed nanofibers for electrons injected perpendicular to
their helix axis, and it will be reversed by switching the nanofiber handedness. We first develop a theoretical
model to study this transverse CISS and quantitatively explain the experiment. Our results reveal that our
theory provides a unifying scheme to interpret a number of CISS experiments, quantitative agreement
between experiments and numerical calculations can be achieved by weak spin-orbit coupling, and the
supramolecular handedness is sufficient for spin selectivity without any chiral species.
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Introduction—Since the original experiment of asym-
metric scattering of spin-polarized photoelectrons by chiral
molecules [1], chirality-induced spin selectivity (CISS)
has undergone intensive study [2–4] and showed great
promise in spintronics [5–9], enantioseparation [10–15],
and biological processes [16–18]. This CISS refers to
longitudinal CISS, where spin selectivity occurs for elec-
trons injected parallel to the helix axis. The longitudinal
CISS was demonstrated in various chiral materials, includ-
ing double-stranded DNA [19–24], single-helical protein or
peptide [25–30], supramolecular polymers [31–35], and
other organic compounds [36–50], most of which are
composed of chiral building blocks, and the issue at which
level the molecular handedness is key to the CISS arises
naturally [36]. Many theories were proposed to elucidate
this longitudinal CISS and the microscopic mechanism
remains elusive [51–71].
Very recently, Naaman et al. measured the spin transport

through supramolecular polymers containing achiral

monomers, finding that they present spin filtering for
electrons injected perpendicular to the polymer helix
axis [72]. This is called transverse CISS and confirmed
in another supramolecular structure [73]. In most previous
experiments, however, chiral precursors were involved
in preparing chiral materials [19–31,33–50], and sub-
sequently they may reside on chiral materials synthesized
and contribute to spin-selective measurements [72]. In
particular, all previous theoretical studies focused on the
longitudinal CISS [51–70], and the transverse CISS has not
yet been addressed. And a large gap remains between
experiments and theory [74–76], showing that quantitative
agreement between experiments and numerical calculations
seems impossible by using single-electron models [77].
In this Letter, we study the transverse CISS in helical

nanofibers prepared from achiral polyanilines (PANIs)
without any chiral precursor. By performing magnetic-
conductive atomic force microscopy (mc-AFM), the spin-
dependent electron transport is measured by injecting
electrons normal to the nanofiber helix axis [Fig. 1(a)],
finding that the spin polarization achieves ∼70% and is
reversed by switching the nanofiber handedness. We first
propose a theoretical model with extremely weak spin-orbit
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coupling (SOC) to study this transverse CISS and quanti-
tatively interpret the experiment, revealing that quantitative
agreement between experiments and theory is possible by
considering the single-electron picture.
Experiment—The PANI helical nanofibers are syn-

thesized according to previous method [78,79], where ani-
line monomers are oxidized by ammonium persulfate in the
mixed solvent of water and isopropyl alcohol [80]. A small
amount of hydrochloric acid is added as the dopant. In the
whole polymerization process, there are no chiral reagents
and solvents. Besides, the reaction container is highly
symmetric (cylinder glass vial), which will not impose
any structural influence on polymer growth. Moreover,
the polymerization is proceeded in a homogeneous solution
without agitation, and thus the interfacial effect and vortex
flow commonly used to assemble achiral materials and
molecules into chiral aggregates are not applicable.
Interestingly, enantiomeric excess of PANI helical nano-

fibers is produced by adjusting the ratio of isopropyl
alcohol to water in the solvent. For example, almost pure
left-handed nanofibers are obtained when the solvent
contains 35% isopropyl alcohol (v=v) [Figs. 1(b) and 1(c)].
By increasing alcohol content to 45%, the polarity envi-
ronment changes and subsequently the nanofiber handed-
ness becomes inverse [Figs. 1(d) and 1(e)]. The symmetry
breaking and chirality inversion may originate from the
cooperative effect of hydrogen bonding and π-stacking
between neighboring PANIs [78,79].
Then, the spin transport through these nanofibers is

measured by means of mc-AFM when the electrons are
injected normal to their helix axis. The lower electrode is

ferromagnetic and composed of a 150-nm-thick Ni layer
covered with 10-nm-thick Au overlayer [Fig. 1(a)] [80].
With magnetic field, the electrons in the Ni layer become
spin polarized and are injected into the PANI nanofibers.
The current-voltage characteristics of left- and right-handed
nanofibers are shown in Figs. 2(a) and 2(b), respectively.
For the left-handed nanofiber, the current is larger when
the lower Au=Ni electrode is magnetized downward by a
magnet (0.35 T for at least 30 mins), as can be seen from
the blue curve of Fig. 2(a). When the lower electrode is
magnetized upward by reversing the magnetic field, the
current is decreased [see the red curve of Fig. 2(a)]. Before
magnetization of the Ni electrode, the current is measured
for reference [see the black curve of Fig. 2(a)].
Remarkably, these observations in the left-handed

nanofiber are reversed in the right-handed one, where
the upward (downward) magnetization refers to larger
(smaller) current [Fig. 2(b)]. This apparent spin-selective
transmission is confirmed by plotting dI=dV ∼ V, which
qualitatively describes the effective “barrier” of electron
hopping within these π-conjugated systems. For the left-
handed nanofiber, the lowest barrier is found when the
lower electrode is magnetized downward [see the blue
curve of Fig. 2(c)]. However, this downward magnetization
corresponds to the highest barrier in the right-handed
nanofiber [see the blue curve of Fig. 2(d)]. In both nano-
fibers, the barrier heights of nonmagnetized devices lie
between two magnetization cases [see the black curves of
Figs. 2(c) and 2(d)].
The spin-selective capability of these nanofibers is

then evaluated by calculating the current ratio SP ¼
ðIS − INÞ=ðIS þ INÞ [86], where IS and IN are the mea-
sured currents when the lower Ni electrode is magnetized
downward and upward, respectively. Positive and negative
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FIG. 1. Experimental setup, materials, and CD spectra. (a) Sche-
matics of mc-AFMmeasurements on PANI left-handed nanofiber
(left) and molecular structure of HCl doped PANI (right).
Schemes (left), TEM (middle, scale bars, 50 nm), and SEM
(right, scale bars, 100 nm) images of (b) left- and (d) right-handed
nanofibers. (c) and (e) CD spectra of both nanofibers.
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FIG. 2. Transverse CISS of PANI helical nanofibers. Current-
voltage characteristics of (a) left- and (b) right-handed nanofibers
when the lower Au/Ni electrode is magnetized downward (blue
curves) or upward (red curves) by a magnet. The measurement is
also conducted in the absence of magnetization (black curves).
The insets in (a) and (b) are the AFM images of these nanofibers
with scale bars being 50 nm. All the I-V curves are averaged over
50 measurements. Corresponding dI=dV ∼ V for (c) left- and
(d) right-handed nanofibers.
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SP is obtained for left- and right-handed nanofibers [see
the red squares and blue circles of Fig. 3(a)], respectively.
The SP for both nanofibers achieves approximately 70%,
which is comparable to the value for longitudinal CISS
observed in other devices fabricated by chiral building
blocks [31,33,34]. Besides, the SP gradually declines with
increasing the voltage.
To confirm the reliability of our results, all the current-

voltage curves are averaged over 50 individual measure-
ments [80]. This is repeated an additional seven times
by randomly selecting different helical nanofibers and/or
different positions of the same nanofiber, namely, eight
independent measurements for both left- and right-handed
nanofibers. Similar current-voltage curves are observed for
different nanofiber devices [80], and the SP of all these
devices is summarized as the symbols in Fig. 3(b). We can
see that all the left- and right-handed nanofibers display,
respectively, positive and negative SP values with relatively
small deviations. Furthermore, the SP remains essentially
unchanged when the Au overlayer is decreased to 5 nm and
is declined when it becomes thicker [80].
Model—A theoretical model is developed to unveil

the transverse CISS in helical nanofibers, the schematic
of which is shown in Fig. 4(a). As there are no magnetic
atoms in PANIs, the SOC will be the key factor for the
CISS [51–53]. Specifically, we assume that the SOC exists
only in chiral coupling between neighboring PANIs but it
vanishes inside an achiral PANI. In Fig. 4(a), each straight
line parallel to the x-y plane denotes an achiral PANI, and
all the lines self-assemble into a chiral nanofiber whose
helix axis points along the z axis. We consider a nanofiber
device contacted by a single upper nonmagnetic electrode
and several lower magnetic electrodes, and its electron
transport can be described by the Hamiltonian

H ¼ HP þHSOC þHU þHL þHd: ð1Þ

HP is the tight-binding Hamiltonian of the nanofiber
and reads

HP¼
X

n;m

�
εnmc

†
nmcnmþ t⊥c†nmcnmþ1þ tkc

†
nmcnþ1mþH:c:

�
;

ð2Þ

where c†nm ¼ ðc†nm↑; c
†
nm↓Þ is the creation operator at site

ðn;mÞ, with n the PANI index and m the site index of a
PANI [Fig. 4(a)]. The number of PANIs is N, and that of
aniline in a PANI is M. εnm is the on-site energy, t⊥ the
nearest-neighbor hopping integral in a PANI, and tk the
one between two successive PANIs. HSOC is the SOC
Hamiltonian and reads [80,81]

HSOC ¼
XN−1

n¼1

XM

m¼1

isc†nm
rm
r0

f½σxðsinφnm þ sinφnþ1mÞ

− σyðcosφnm þ cosφnþ1mÞ� sin θm
þ 2σz sin β cos θmgcnþ1m þ H:c: ð3Þ

Here, s is the SOC strength, rm the distance from site ðn;mÞ
to the helix axis (z axis), r0 the lattice constant of a PANI,
φnm ¼ ðn − 1ÞΔφþ ½3 − sgnðM þ 1 − 2mÞ�π=2 the azi-
muth angle of site ðn;mÞ, θm ¼ arcsin½Δh=lm� the space
angle between the vector from site ðn;mÞ to ðnþ 1; mÞ
and the x-y plane, β ¼ ½sgnðΔφÞπ − Δφ�=2 the deviation
angle [80], and σx;y;z the Pauli matrices. Δφ and Δh
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FIG. 3. Spin selectivity of PANI helical nanofibers.
(a) Experimental (symbols) and theoretical (lines) results of
voltage-dependent SP for left- and right-handed nanofibers.
(b) Experimental (symbols, bottom x axis) and theoretical (lines,
top x axis) SP for different nanofibers and/or different positions
of the same nanofiber coupled to the upper electrode. Here, the
red squares, orange-up triangles, and black lines correspond to
left-handed nanofibers, and the remaining symbols and orange
lines to right-handed nanofibers.

(b) (c)

(a)

FIG. 4. Schematic of the theoretical model of the left-handed
nanofiber and its numerical results. (a) Schematic of the left-
handed nanofiber contacted by a single upper nonmagnetic
electrode and several lower magnetic electrodes, where each
ball denotes an aniline and self-assembles into an achiral PANI
(straight line parallel to the x-y plane). (b) Energy-dependent
conductance GN with upward magnetization and GS with down-
ward magnetization. (c) Current-voltage characteristics with
upward magnetization (red line), downward magnetization (blue
line), and no magnetization (black line). Here, the upper electrode
is contacted at the middle topmost site and the upward direction is
parallel to the x axis.
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are, respectively, the twist angle and the stacking
distance between two successive PANIs, lm ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðM þ 1 − 2mÞr0 sinðΔφ=2Þ�2 þ ðΔhÞ2

p
the distance

from site ðn;mÞ to ðnþ 1; mÞ, and sgn the sign function
[80]. This SOC originates from electron propagation under
chiral potentials [51,52]. Specifically, the SOC Hamiltonian
arises only when the electrons transport between two
successive PANIs because of the nanofiber chirality, whereas
it vanishes for electron propagation in a single, achiral PANI.
The third and fourth terms denote, respectively, the single
upper nonmagnetic electrode (HU) and several lower mag-
netic electrodes (HL) and their couplings to the nanofiber,
and are expressed as HU ¼ P

k εUka
†
UkaUk þ τUa

†
Ukcnumu

þ
H:c:, HL ¼ P

j;k εLjka
†
Ljk

aLjk þ τLj
a†Ljk

cnjmj
þ H:c. Here,

τU ðτLj
Þ is the coupling between the nanofiber and the upper

nonmagnetic (jth lower magnetic) electrode. We point
out that the upper electrode is connected to a single,
topmost site, and the experiment can still be well fitted
by numerical results when it is coupled to multiple sites of
the nanofibers (see Sec. S6.1 in Supplemental Material [80]).
The electrons flowing between the upper and lower electro-
des are injected perpendicular to the nanofiber helix axis.
Finally, the last term simulates the electron leakage from
the nanofiber to the environment and is written as Hd ¼P

n;m;kðεnmkd
†
nmkdnmk þ tdd

†
nmkcnm þ H:c:Þ [87].

By combining the Landauer-Büttiker formula and the
Green’s function method [82,83], both conductanceGN and
current IN can be obtained when the lower electrodes are
magnetized upward (parallel to the x axis), so do GS and IS
for downward magnetization [80]. In numerical calcula-
tions, the structural parameters are consistent with the
experiments [78,79] and the model parameters are taken
from previous works [80,84,85]. We stress that the trans-
verse CISS effect is pronounced for extremely weak SOC
of 0.6 meV and persists without any dephasing, and the
experiment can be fitted in a wide range of dephasing [80].
Numerical results—Figure 4(b) showsGN andGS for the

left-handed nanofiber contacted by the upper electrode at
the middle topmost site, which are obtained at zero voltage.
Although there is no SOC for electron propagation in an
achiral PANI, GN is different from GS over almost the
whole energy spectrum, indicating the emergence of trans-
verse CISS effect. This is consistent with the experiment,
demonstrating that the chirality of the nanofiber instead of
the PANI monomer plays an important role in generating
the transverse CISS. We point out that, for achiral nano-
fibers, no spin selectivity can be obtained along the helix
axis or the direction normal to it, further confirming that the
spin selectivity of helical nanofibers originates from their
handedness. This transverse CISS, where the spin selec-
tivity is measured along the direction normal to the helix
axis, exhibits a fundamental difference from the longi-
tudinal CISS where it is obtained along the helix axis (see
Sec. S6.3 in Supplemental Material [80]). Besides, the

conductances satisfy GNðEÞ ¼ GSð−EÞ, owing to the
electron-hole-type symmetry [88].
We then calculate the current by choosing the Fermi

energy as the fitting parameter. Figure 4(c) displays the
currents IN and IS for the left-handed nanofiber by setting
the Fermi energy EF ¼ −0.9 eV [see the vertical-dashed
line of Fig. 4(b)], where the current without magnetization
is shown for reference. It is clear that IS is always greater
than IN, indicating that spin-down electrons can propagate
through the left-handed nanofiber more efficiently than
spin-up ones. In the absence of magnetization, the current
falls between IS and IN. All these results are consistent with
the experiment. Notice that the calculated current is one
order of magnitude larger than the experimental data,
because the disorder effect is ignored.
Figure 3(a) plots the numerical results of voltage-

dependent SP for both nanofibers [86], where the upper
electrode is contacted at the middle (second) topmost site of
the left(right)-handed nanofiber [80], as sketched by the
black (orange) line. We can see that the numerical results
are quantitatively consistent with the experiment, especially
for the right-handed nanofiber, where the voltage-
dependent SP from numerical calculations almost overlaps
the experimental data [see the blue circles and orange line
in Fig. 3(a)]. This indicates that quantitative agreement
between experiments and numerical calculations can be
achieved by our theoretical model. Although the SOC is
extremely weak, the SP can reach 69.6% (−73.1%) for the
left(right)-handed nanofiber. This high SP arises from the
combined effects of quantum interference among different
transport pathways [66,89] and accumulation of weak local
effect for electron propagation in such large systems.
Besides, the SP exhibits mirror symmetry and decreases
with the voltage Vb for both nanofibers, as discussed below.
We take the left-handed nanofiber as an example. When the
voltage approaches zero, the electron transport is deter-
mined by electronic states around the Fermi energy EF
and the nanofiber exhibits high SP because of large
difference between GN and GS around EF [Fig. 4(b)].
By increasing Vb, the electronic states within the range
½EF − eVb=2; EF þ eVb=2� will contribute to the current.
Nevertheless, the difference between GN and GS shrinks
when the electron energy E deviates from EF, and GN
can be greater than GS for E > 0.2 eV [Fig. 4(b)].
Consequently, the SP of the left-handed nanofiber
decreases with increasing Vb, so does the right-handed
nanofiber.
We point out that for the transverse CISS, the SP is

reversed by only flipping the nanofiber handedness [80],
which is identical to the longitudinal CISS reported in
various chiral molecules [21,36,37,44,51,52]. Finally,
Fig. 3(b) shows the SP at Vb ¼ 1 V for both nanofibers
when contacted by the upper electrode at a different
topmost site (black and orange lines). One can see that
the absolute value of SP of both nanofibers ranges from
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55.7% to 63.4% by changing the contact position, quanti-
tatively consistent with the experiment. Besides, the SP for
both nanofibers is symmetric with respect to the middle
topmost site due to the rotational symmetry [80]. Based on
the current theoretical model, we further unveil that the
nanofibers also exhibit longitudinal CISS for electrons
injected parallel to the helix axis [80], consistent with
previous experiment [35]. This demonstrates that our
theory can interpret not only the transverse CISS but also
the longitudinal CISS, thereby providing a unifying mecha-
nism to elucidate a number of CISS experiments.
In summary, we propose a theoretical model to study the

transverse CISS in chiral molecules and quantitatively
explain the transverse CISS experiment. The results reveal
that our theory provides a possible unifying scheme to
interpret a number of CISS experiments, quantitative
agreement between experiments and theory can be
achieved by weak spin-orbit coupling, and the supramo-
lecular handedness is sufficient for spin selectivity without
any chiral species.
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