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Spin selectivity effect in achiral molecular systems
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Recently, chiral-induced spin selectivity has been attracting intense interest. Here, we report a theoretical study
of spin-dependent electron transport in achiral nanotubes contacted by nonmagnetic leads. Our results reveal that
by properly connecting to the leads, the achiral nanotubes can present a pronounced spin filtering phenomenon
even if the spin-orbit coupling is very weak. In addition, the spin selectivity effect holds for various achiral
nanotubes with different radii and is still significant in the presence of strong disorder and dephasing. These
findings open new opportunities of using achiral molecules in spintronic applications and could motivate further

studies on spin transport along achiral systems.
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I. INTRODUCTION

Spintronics aims at manipulation of the electron-spin
injection, transport, and detection in solid-state systems, and
at utilizing the electron spin to carry and process information.
This multidisciplinary field has been receiving extensive and
growing attention [1-5], owing to low power consumption
of spintronic devices and fundamental scientific interest.
As compared with conventional inorganic metals and semi-
conductors, organic molecules possess superior advantages
of long spin lifetimes, chemical flexibility, low production
costs, and compatibility with biological tissues, and are thus
considered as an ideal candidate in spintronic applications
[6-9]. The spin transport properties have been widely reported
in molecular systems, including organic spin valves [10-14],
single-molecule magnets [15—17], and molecular spin tran-
sistors [18-20]. All these spin effects originate from the
components of either magnetic materials or heavy atoms with
extremely large spin-orbit coupling (SOC).

Chiral molecules are those that have no plane of symmetry
and cannot be superimposed on their mirror images, just like
one’s left and right hands. One of the most famous chiral
molecules is double-stranded DNA. Recent works made an
important breakthrough in the field of spintronics, finding a
pronounced spin filtering phenomenon in the chiral molecules.
It was reported in two experiments that the DNA molecules
can serve as an efficient spin filter [21,22], i.e., they can
discriminate between spin-up electrons and spin-down ones.
These experimental observations are surprising, because the
DNA molecules are nonmagnetic and the SOC strength is
small. The corresponding effect is termed chiral-induced spin
selectivity [23]. Since then, the chiral-induced spin selectivity
has been attracting intense interest, and has been extensively
demonstrated in the DNA molecules [21,22,24-28], a-helical
proteins [29-32], DNA-wrapped carbon nanotube hybrids
[33,34], helicenes [35], and other helical systems [36—41]. All
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these studies focus on the chiral/helical molecules, unveiling
that the helical symmetry is a prerequisite ingredient to yield
spin-selective electron transmission.

Besides the chiral molecules, there exist many other
molecules which do have a plane of symmetry and are super-
imposable upon their mirror images. This type of molecules is
known as achiral molecules which lack the helical symmetry
and are ubiquitous for synthetic materials (see Ref. [42] for
a review and Refs. [43-49] for achiral nanotubes). Can the
spin selectivity effect appear in the achiral molecules? In this
paper, we give a definite answer to this issue, finding that the
helical symmetry may not be necessary for the emergence of
the spin selectivity effect. A model Hamiltonian is proposed
to explore quantum spin transport along two-terminal achiral
nanotubes, which are contacted by left and right nonmagnetic
leads (Fig. 1). Here, we point out that each lead connects
to a single site of the nanotubes, which can be realized
through chemisorption mediated by thiol groups [22,50]. By
properly connecting to the leads, the achiral nanotubes can
present pronounced spin selectivity effect, even for very weak
SOC strength. This spin filtering phenomenon arises from the
breaking of mirror symmetry, which is caused by contact
asymmetry between the left/right lead and the molecules,
although the molecules themselves are achiral. Additionally,
the spin selectivity effect is robust against perturbations, and
remains significant in the presence of strong disorder and
dephasing. These results expand the spin selectivity effect to
a family of the achiral molecular systems and will facilitate
designing molecule-based spintronic devices.

The rest of the paper is organized as follows. In Sec. II,
we obtain a model Hamiltonian to describe spin-dependent
electron transport along the achiral nanotubes. In Sec. III, the
spin polarization and conductances are numerically calculated
for the achiral nanotubes by considering a variety of contact
situations. Finally, the results are summarized in Sec. I'V.

II. MODEL

The spin transport along the two-terminal achiral nan-
otubes, as illustrated in Fig. 1, can be simulated by the
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FIG. 1. Schematic view of an achiral nanotube (no helical
symmetry) whose sites {1,1} and {2, N} are coupled to left and right
one-dimensional nonmagnetic leads, respectively. The index {j,n}
denotes site n of chain j. Here, the number of chains is J = 6.

Hamiltonian:
H ="Ho+ He + Ha, (D

where the Hamiltonian Ho = H,,, + Hso, Hur = p>/2m +V
describes the kinetic and potential energies of the electron,
and Hy, = (RB/4m>*c?)VV - (6 x p) is the SOC term. Here, p
is the momentum operator, m is the electron effective mass,
h is the reduced Plank constant, c¢ is the speed of light, and
6 = (0x,0y,0;) with o, , being the Pauli matrices. Following
the procedure of Ref. [30], H) is expressed as

J N N—1
Ho = Z |:Z 8j,,Cj~an,, + Z C;n(tH +2i50;)Cjnt1

j=1 Ln=1 n—1
N

+ Z Cj'n(tl +2ipo)civia + Hci| 2)
n=1

f T f T : ;
Here, CJH” =c¢,, and Cin = (Cjnmcjm) is the creation

operator at site {j,n} of the nanotube, with the index
{j,n} standing for site n of chain j. J is the number of
chains and N is the nanotube length; ¢;, is the potential
energy, #; (¢1) is the intrachain (interchain) hopping integral,
and s [u = s cos(A¢/2)] is the intrachain (interchain) SOC
parameter; 0; = o, sing; — o, cos¢;, with A¢ =27 /J and
¢; = (j — 1)A¢ the azimuth of site {j,n} in the cylindrical
coordinate system. We point out that when J = 2, Eq. (2) is
reduced to the previous model without the helical symmetry
[24]. Consequently, one may expect that no spin filtering
phenomenon could be observed in the electron transmission
along the achiral molecules.

The Hamiltonian My = Y, [ex(a) yars + aggare) +
r(a{kcn + aleCjN +H.c.)] describes the left and right
nonmagnetic leads and their couplings to the molecule.
We emphasize that the left lead is always coupled
to site {1,1} of the molecule and the right lead is
attached by site {j,N}, e.g., j =2 in Fig. 1. Finally, the
Hamiltonian Hy = Zj,n,k(gjﬂkd;nkdjﬂk + tdd'nkcj,, +H.c.)

depicts dephasing processes in the experiments, with
djnk (d lnkT’ ink i) the creation operator of mode k in

Biittiker’s virtual leads [24,51]. During the charge transport
process, an electron may suffer inelastic scatterings from, e.g.,
phonons, nuclear spins, and impurities, which lead to the loss
of phase memory of the electron. These dephasing processes
can be described by connecting each site of the molecule to
one Biittiker virtual lead. The spin-up conductance G4 and
spin-down one G of this system can be obtained from the
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Landauer-Biittiker formula and the nonequilibrium Green’s
function [52], by imposing the boundary condition that the net
current across every virtual lead is zero. The spin polarization
is then calculated by P; = (G4 — G})/(Gy + G)).

In the numerical results presented below, the hopping
integrals 1 =, =t and the coupling I't /g to the left/right
lead are taken as the energy unit, # = I' )g = 1. The nanotube
potential energy, the SOC strength, and the couplings to
Buttiker’s virtual leads are chosentobe ¢, = 0,5 = 0.05, and
'y = 0.04, respectively, unless stated otherwise. Notice that
the system has electron-hole-type symmetry when J is even,
viz., the Hamiltonian in Eq. (1) is invariant under the trans-
formation ¢,y — (—1)j+”cj.w and c¢j,, — (—I)H”Jrlcj,ZT
Nevertheless, this electron-hole-type symmetry is broken
when J is odd except J = 1.

III. RESULTS AND DISCUSSIONS

We first consider the spin transport along the achiral
nanotube with different sites contacted by the right lead, where
the size of the nanotube is J = 6 and N = 20. Figure 2(a)
presents the spin-up conductance G4 and the spin-down one
G as a function of the Fermi energy E with j = 1, viz., the
site {1,N} is connected to the right lead. One can identify
several important features.

(i) A number of sharp peaks, associated with deep valleys,
can be clearly seen in the transmission spectrum of G4 and G .
This oscillating behavior arises from the quantum interference
effects, and both curves of G4-E and G -E will be smoother
by increasing the dephasing parameter I';.

(i) The spin-up and spin-down conductances satisfy
G4(E) = G (—E), owing to the electron-hole-type symmetry
mentioned above.

(iii)) The curve of G4-E is superimposable upon that
of G,-E, ie., G4(E)= G (E) as expected, because the
molecule is achiral and the mirror symmetry is preserved
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FIG. 2. Spin transport along the achiral molecule with site {1,1}
always coupled to the left lead and site {j, N} connected to the right
lead. Spin-up conductance G, (black solid line) and spin-down one
G, (red dotted line) with (a) j = 1 and (b) j = 2, as a function of
the Fermi energy E. (c), (d) Spin polarization P, vs E with different
sites {j,N} coupled to the right lead. Here, Gy is the conductance
quantum, the number of chains is J = 6, and the length is N = 20.
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for the two-terminal setup. Consequently, the spin filtering
phenomenon cannot be observed in the two-terminal achiral
nanotube with j = 1 and the spin polarization is exactly zero,
as evident by the cyan line in Fig. 2(c). This is independent of
the model parameters.

(iv) Both curves of G4-E and G -E are symmetric with
respect to the line of E =0, ie., Gs(E) = Gs(—E) with
8 = 1,]. These equations are deduced from the coexistence
of both the electron-hole-type symmetry and the mirror
symmetry, and become invalid if one of the two symmetries is
broken.

Figure 2(b) displays G4 and G, as a function of E with
Jj = 2. Although the aforementioned points (i) and (ii) are
still maintained, a fundamental distinction can be observed
from Fig. 2(b) that G, is different from G, which leads
to the spin filtering phenomenon. This is unexpected for the
achiral nanotube, because the helical symmetry, which is the
key factor to yield the spin selectivity effect as indicated by
a great deal of previous works [9,21-41], is absent in the
achiral molecules. The underlying physics originates from the
breaking of the mirror symmetry, which is caused by contact
asymmetry between the left/right lead and the molecule. By
inspecting Fig. 1, it is evident that when the site {2,N} is
coupled to the right lead, the two-terminal setup cannot be
superimposed on its mirror image, although the nanotube
itself is superimposable upon the mirror image. As a result,
the mirror symmetry is broken for this two-terminal achiral
molecule and gives rise to nonzero spin polarization Py, as
illustrated by the black line in Fig. 2(d).

Figures 2(c) and 2(d) show the spin polarization Py versus
E for the achiral nanotube with a single site {j, N} contacted
by the right lead, where j ranges from 1 to J. P is zero
exactly for j =4 as well, which is identical to the case of
j = 1, since the mirror symmetry holds for both two-terminal
setups. Nevertheless, when the other sites are connected to
the right lead, the spin selectivity effect will emerge in the
achiral molecule and some significant characteristics can be
demonstrated.

(1) There exists a series of peaks and valleys in all the curves
of P;-E, which is irrespective of j, owing to the quantum
interference effects.

(i1) Each curve of P-E is centrally symmetric for a specific
j,ie., P{(E) = —Py(—E). This equality is expected from the
general consideration of the electron-hole-type symmetry.

(iii) The spin polarization is considerably large, with the
maximum value of P being 16% for j =3 (j =5) and 15%
for j =2 (j = 6). This implies that the achiral molecule can
act as an efficient spin filter, which is comparable to the «-
helical proteins [29,31].

(iv) By employing the reflection operation, the two-terminal
setup with j =3 is changed into the one with j = 5. In
other words, the two-terminal setups with j =3 and 5 are
mirror images of each other. Then, the spin-up (spin-down)
conductance of j = 3 is the same as the spin-down (spin-
up) one of j = 5,[30] and the spin polarization is reversed
exactly, i.e., Py(j = 3) = —Py(j = 5) [Fig. 2(c)]. A similar
phenomenon can also be observed for the system with j =2
and 6 that Pi(j = 2) = —P,(j = 6) [Fig. 2(d)].

To demonstrate robustness of the spin selectivity effect of
the achiral molecule, we then study its spin transport property
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FIG. 3. Robustness of the spin selectivity effect of the achiral
molecule against Anderson disorder and dephasing. (a) Averaged
spin polarization { Py) vs the Fermi energy E and (b) (P;) vs disorder
strength W, where the results are calculated from 10® disorder
configurations. (c) Py vs dephasing strength I'; and (d) averaged
spin-up conductance (G4) vs W. The different lines in panels (b), (c),
and (d) represent typical values of E, and the other parameters are
the same as Fig. 2(b).

by considering on-site energy disorder and various dephasing
strengths. In the experiments, disorder and impurities exist
inevitably, which will give rise to potential-energy differences.
Here, the Anderson disorder is introduced into the diagonal
term such that the nanotube potential energies distribute
randomly within the range [-W /2, W /2], with W the disorder
strength. Figure 3(a) plots averaged spin polarization (Py)
versus E for different W, while Fig. 3(b) shows (Ps) versus
W for typical values of E. Here, the averaged spin polar-
ization is defined as (Py) = ((G4) — (G))/((G4) +(G})),
with averaged conductances (G4) and (G ) calculated from
an ensemble of 103 disorder configurations. One can see from
Fig. 3(a) that the oscillation amplitude of (P;) is gradually
declined by increasing W and the spin filtration efficiency is
suppressed by the disorder, especially in the regions around
the peaks. However, the spin selectivity effect is robust against
the disorder. For instance, (P;) can achieve 12% for W = 0.4
[see the blue line in Fig. 3(a)], which is about one order of
magnitude larger than the SOC strength. Furthermore, (P;)
can be enhanced in the weak disorder regime [see the black
line in Fig. 3(b)], especially for the Fermi energies around the
valleys. Figure 3(d) presents (G4 ) versus W. It clearly appears
that (G4) decreases with increasing W in general, which is
expected from the disorder-induced Anderson localization in
the nanoscaled systems. Nevertheless, in the regions around the
valleys, (G4) can be slightly increased by the weak disorder
[see the black line in Fig. 3(d)], owing to the increment of
density of states at this Fermi energy. In particular, (G4)
remains extremely large in the case of strong disorder and
is approximately 0.2Gq for W = 3.

Figure 3(c) displays the spin polarization P, versus the
dephasing strength I';. In fact, the dephasing possesses two
roles [24,30]. On the one hand, the dephasing improves the
openness of the molecule by coupling each site to a Biittiker
virtual lead, which gives rise to the spin selectivity effect
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FIG. 4. Spin selectivity effect of the achiral molecule with various
SOC strengths s and number of chains, J. (a) P, vs E with three values
of s for J = 6and j = 2. (b)—(d) P, vs E with J = 4,3, and 5, where
the different lines show that different sites { j, N} are connected to the
right lead. The other parameters are the same as Fig. 2(b).

[53]. This role of the dephasing is dominant when it is not
quite strong and then P increases with 'y at first. On the
other hand, the dephasing, which is introduced to simulate
the inelastic-scattering events, leads to the loss of the electron
phase memory and subsequently suppresses the spin selectivity
effect. The second role of the dephasing competes with the first
one and becomes dominant in the strong dephasing regime. In
this situation, Py is slowly declined by further increasing I'y.
As a result, the dependence of P; on I'; is not monotonic,
which is independent of E. It is expected that the spin
selectivity effect could also appear in the achiral molecule in
the absence of the dephasing when it is contacted by multiple
real leads [54].

Figure 4(a) displays P; for the achiral nanotube with various
SOC strengths s, as a function of E. It clearly appears that
although the oscillating behavior is diverse for different s, the
spin filtration efficiency remains significant even for very small
SOC strength. P canreach 17% when s = 0.02 and 10% when
s = 0.002, which is three orders of magnitude smaller than the
hopping integral. From the above discussions, we conclude that
the achiral molecule can be an efficient spin filter, because of
considerably large P; in the region of very weak SOC and the
robustness against the disorder and the dephasing.

To explore the generality of the spin selectivity effect,
Figs. 4(b)—4(d) show the spin polarization P; versus E for
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various achiral nanotubes with different number of chains,
J. P; is zero for all the achiral nanotubes with j =1 as
expected [see the blue lines in Figs. 4(b)-4(d)], due to the
mirror symmetry. When the other sites are connected to the
right lead, the spin selectivity effect appears [see the black
and red lines in Figs. 4(b)-4(d)], regardless of the number
of chains, since the mirror symmetry is broken for all these
two-terminal setups. P; is dramatically large for the achiral
nanotubes with different radii, and achieves 12%, 20%, and
18% for J = 3,4, and 5, respectively. When J = 4, Py(E) =
— Py(— E) always holds for a certain j [Fig. 4(b)], which is the
same as J = 6, because the electron-hole-type symmetry is
preserved for even J. When J = 3 and 5, P,(E) = —P(—E)
becomes invalid [Figs. 4(c) and 4(d)], owing to the breaking
of the electron-hole-type symmetry. Py is reversed when the
two-terminal setups are mirror images of each other, i.e.,
Py(j =2) = —Py(j = J), that is independent of the model
parameters. Therefore, the spin selectivity effect may be a
general phenomenon for the achiral molecules, and will appear
by properly connecting to the leads so that the mirror symmetry
is broken in the systems.

IV. CONCLUSIONS

In summary, a model Hamiltonian is proposed to study spin-
dependent electron transmission through achiral nanotubes,
which are contacted by two normal metal leads. The spin se-
lectivity effect is demonstrated in the achiral nanotubes that by
properly connecting to the leads, the injected unpolarized elec-
trons are highly spin polarized after transmitting through the
two-terminal setups, although the nanotubes themselves lack
the chiral/helical symmetry. The spin selectivity effect is robust
against disorder and dephasing. We envision that these findings
could be detected in the experiments due to advanced nan-
otechnology. These results expand the spin selectivity effect to
awide range of the achiral molecules, and will help in engineer-
ing reliable molecule-based spin filters and memory devices.
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