Results in Physics 52 (2023) 106918

Contents lists available at ScienceDirect

Results in Physics

journal homepage: www.elsevier.com/locate/rinp

Check for

Double stranded antiferromagnetic helix as an efficient spin filter o

Debjani Das Gupta ?, Santanu K. Maiti ®-*, Laura M. Pérez", Judith Helena Ojeda Silva “¢,
David Laroze ©

2 Physics and Applied Mathematics Unit, Indian Statistical Institute, 203 Barrackpore Trunk Road, Kolkata 700 108, India

b Departamento de Fisica, FACI, Universidad de Tarapacd, Casilla 7D, Arica 1000000, Chile

¢ Grupo de Fisica de Materiales, Universidad Pedagdgica y Tecnolégica de Colombia, 150003 Tunja, Colombia

d Laboratorio de Quimica Tedrica y Computacional, Grupo de Investigacién Quimica-Fisica Molecular y Modelamiento Computacional (QUIMOL), Facultad de
Ciencias, Universidad Pedagdgica y Tecnoldgica de Colombia, 150003 Tunja, Boyacd, Colombia

¢ Instituto de Alta Investigacién, Universidad de Tarapacd, Casilla 7D, Arica 1000000, Chile

ARTICLE INFO ABSTRACT

Keywords:

Spin filtration

Double stranded antiferromagnetic helix
Transverse electric field

Tight-binding framework

Beyond nearest-neighbor hopping
Green’s function formalism

We report a large degree of spin filtration in a double stranded (ds) antiferromagnetic helix (AFH) system.
Generally spin channel separation is not possible when a magnetic system possesses a vanishing net magnetiza-
tion. But we show that a highly polarized spin current can be obtained through the ds AFH when it is subjected
to a transverse electric field. Describing the physical system within a tight-binding framework, spin-dependent
transport phenomena are studied using the well known Green’s function formalism. The effects of chirality (left-
handed and right-handed), electric field, electronic hopping (short-range and long-range) in each strand, system
temperature, and size of the helix on spin filtration are critically investigated. Two different configurations of
magnetic moments in the helix are taken into account, for a more general description. Suitably adjusting the
physical parameters, almost cent percent spin polarization can be substantiated and that feature persists even
for a broad parameter range. Our analysis may open up a new direction for achieving spin-selective electron
transmission and designing of controlled spintronic devices using similar kinds of fascinating helical magnetic
systems.

Introduction

Double stranded helix system has been one of the most promis-
ing functional elements since its verification in 2011 by Gohler and
co-workers [1]. In their work, they have shown that by depositing self-
assembled monolayers of double stranded DNA on a gold substrate,
polarized spin current can be obtained from completely unpolarized
electrons those are originated from the substrate in presence of light. In
the subsequent year, a theoretical proposal came by Guo and Sun [2]
where they have shown that a ds DNA can exhibit spin selective
electron transmission provided three conditions are satisfied those are
(i) molecular chirality, (ii) spin-orbit coupling and (iii) dephasing.
Later, a few other attempts have been made along this line to explore
different characteristics [3-11]. In all the works available in the lit-
erature associated with double stranded helical systems, to the best
of our knowledge, spin-dependent scattering occurs due to spin—orbit
(SO) coupling [2,4,5,7]. Usually, the SO coupling [12-14] is too weak
for molecular systems [15] which in most cases restricts large channel
separation between up and down spin electrons, and hence favorable
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response might not be obtained. It thus opens up the question that
whether we can think about any other suitable functional element
where spin-dependent scattering strength is quite large than the SO
coupled one.

To substantiate this fact, here in our work, we propose a double
stranded magnetic helical molecule where the magnetic moments are
arranged in such a way that the net magnetization of the system be-
comes zero. We refer to this system as double stranded antiferromagnetic
helix. Over the last many years, ferromagnetic materials have been
used for spin dependent transport phenomena [16,17]. But there are
some major advantages of antiferromagnetic (AF) materials or more
specifically we can say magnetic materials with zero net magnetization
compared to ferromagnetic ones. For instance, AF materials do not
produce any stray fringe field and they are unaffected by external
magnetic fields [18,19]. We also do not need to operate an AF system at
very low temperatures as the ordering Neél’s temperature is reasonably
large [20]. Moreover, the operating frequency range of AF is very high
(of the order of THz) which helps in designing reading and writing
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devices and making nano-scale oscillators [21]. Because of these facts,
people are now focusing on AF samples which come out as the most
promising candidates in the new generation of spintronics [22-26].

In a magnetic sample, spin dependent scattering occurs due to the
interaction of itinerant electrons with local magnetic moments placed
at different lattice sites. This scattering strength, commonly denoted
by the parameter J, is considerably large than the SO coupling, and in
some cases, it may even reach to few electron-volts [15]. The common
perception suggests that a finite mismatch among up and down spin
channels does not take place in a magnetic material possessing zero net
magnetization, as in such a system the up and down spin Hamiltonians
are symmetric to each other. This symmetry can be broken in some
ways [27,28], and here in our present work we perform it by applying
an electric field along the perpendicular direction of the helix axis.
Due to the application of the electric field, site energies of the helix
get modified in a cosine form, similar to the diagonal Aubry-André-
Harper (AAH) model [29-31], which essentially yields the asymmetry
among up and down spin Hamiltonians and brings non-trivial features
in helical systems. Moreover, there is a sign reversal in the site energies
between the two strands, which gives another interesting behavior in
our study. The interplay between the two strands is critically analyzed.
To the best of our concern, the chiral induced spin selectivity in a
double stranded antiferromagnetic helix has not been reported so far
in the extensive literature.

Using a tight-binding (TB) framework, we investigate spin depen-
dent transport phenomena and spin filtration following the well known
Green’s function formalism [32,33]. Two different handed helices viz,
left and right are taken into account, and in each case we consider two
types of electron hopping. One is referred to as short-range hopping
(SRH) helix and the other is called long-range hopping (LRH) helix [4].
These are very good examples where we can have electron hopping
beyond the conventional electron hopping among nearest-neighbor
sites. Some of our important aspects and findings are: (i) the electric
field is the primary requirement to have spin filtration, (ii) a high
degree of spin polarization (close to cent percent) can be obtained even
in large bias voltage, (iii) spin selectivity can be monitored by tuning
the field strength and its direction, and (iv) for a large temperature
range the high degree of spin filtration still persists.

Here, it is relevant to point out that experimentally it is possible
to design antiferromagnetic ds helices using various compounds. For
instance, P. Yin et al. have shown that antiferromagnetic interaction is
present in metal-organic supramolecular network and the strength of
this interaction depends on the molecular structure [34]. On the other
hand, Z. Gao et al. have studied the magnetic properties of polymer
[Co(dpa)pyzy 5], (dpa = diphenic acid, pyz = pyrazine) [35]. It also
possesses a ds helical structure, and, the magnetic susceptibility data
confirms antiferromagnetic interaction in Co ions. In other work, J.
Qin et al. have reported that antiferromagnetic interaction remains
by changing a nested coaxial helical double column to cationic spiral
staircase [36]. Another study has revealed synthesis of self-assembling
dicopper(Il) helicate with bipyridine ligand [37]. This is also an exam-
ple of a ds AF helical system. Several other references are also available
where antiferromagnetic ordering has been reported in helical geome-
tries [38-41]. With all these suitable evidences, we believe that ds
antiferromagnetic helix system can definitely be designed in a suitable
laboratory.

The rest part of the paper is arranged as follows. Section “Junction
setup, TB Hamiltonian and theoretical formalism” contains the phys-
ical description of the ds AFH, its TB Hamiltonian, and the required
theoretical framework for the calculations. All the numerical results
are presented and carefully analyzed in Section “Numerical results and
discussion”. Finally, the essential findings of this work are summarized
in Section “Closing remarks”.

Junction setup, TB Hamiltonian and theoretical formalism

Here we illustrate the junction setup with the ds AFH, and describe
the theoretical framework for the necessary calculations.
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Fig. 1. (a) Schematic diagram of a right-handed double stranded antiferromagnetic
helix with a specific arrangements of magnetic moments. The helix is sandwiched
between source (S) and drain (D) electrodes. In one strand of the helix (strand-I,
red curve) all the magnetic moments are aligned along +Z direction, while in the
other strand (strand-II, blue curve) all the moments are oriented in the opposite
(=Z) direction, and thus, the resultant magnetization becomes zero. Three important
structural parameters are associated with the helix geometry those are: radius R,
stacking distance Ah, and twisted angle A¢. An electric field of strength E, is applied
perpendicular to the helix axis. (b) Projection of the ds helix in XY plane, where two
different colored arcs are associated with two different strands. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Setup and the TB Hamiltonian

Fig. 1 displays the schematic diagram of the junction setup where
a double stranded antiferromagnetic helix in presence of a transverse
electric field is clamped between source (S) and drain (D). We refer
to the two strands as strand-I and strand-II and arrange the magnetic
moments in one strand along the +Z direction and in the other strand
along the opposite direction, to make the net magnetization of the
helix zero. This is one particular configuration of magnetic moments.
Other configuration is also taken into account for the completeness of
our analysis, and that will be available in the appropriate sub-section.
Two fundamental parameters essentially control the helical geometry
and regulate the electron hopping. These are, stacking distance 4h
between neighboring sites and the twisting angle A¢. When 4h is
reasonably small, electron can hop in all possible sites to make the
system a LRH helix, whereas the hopping between the far away sites
gets restricted with increasing the stacking distance and the helix maps
to a SRH one. In the present work we consider both these helices to
have a comprehensive analysis. The contact electrodes are assumed to
be one-dimensional, perfect and reflection less.

We describe the junction setup within a tight-binding framework,
and explain different terms and factors one by one as follows. The
Hamiltonian of the source-helix—drain system can be written as

H = Hma[ + Helec + Hcoup‘ (1)

There are three terms in the right side of Eq. (1), where the first part
is the Hamiltonian of the helical molecule, second term represents the
Hamiltonian of the contact electrodes, and the third term denotes the
coupling of the helical system with the contact electrodes. For a N-site
ds AFH (N /2 being the total number of magnetic sites in each strand),
the TB Hamiltonian reads as

H,, = Z [c}k (ejk - ﬁjk.&) Cik

J=I.01T
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The creation operators are written in matrix form as c;k = ( c;k ' c;‘k L)

for two spins and its conjugate transpose represents the annihilation
operator. €, is a (2 x 2) diagonal matrix with identical diagonal
elements ¢;;, which correspond to the site energies at kth site of strand
j (G =1,II) for up and down spin electrons in the absence of magnetic
scattering. When an electric field E, is applied perpendicular to the
helix axis, the site energies are modified in a specific form as [2,5]
ej.,{f =), — (=1Y eV cos (kAp — f). 3
Here V, is the gate voltage and it is connected to the field through
the relation V, = E,R. j§ represents the angle between the electric
field and the positive X axis, and R is the radius (the radius R can
be followed clearly from Fig. 1(b)). The spin dependent scattering of
itinerant electron occurs due to the term ﬁjk - 6 [42,43], where the
spin dependent scattering parameter ij depends on the average spin
at site (jk) and the coupling strength J. In spherical polar co-ordinate
system ﬁjk is expressed as (A, 0y, i), where £ is the magnitude and
the other two co-ordinates are associated with the polar and azimuthal
angles respectively. In our formulation, we assume that all the magnetic
moments are of equal strength, and therefore, we set iy = h, without
loss of any generality. & is the Pauli spin vector, and we assume that
¢, is diagonal.

The second and third terms of Eq. (2) are associated with the
intra- and inter-strand hopping integrals. ¢;, and A are the intra- and
inter-strand hopping matrices, and both of them are diagonal. The
intra-strand electron hopping depends on the resultant distance /;,
between kth and (k + n)th sites in the jth strand, where [2,4,5]

I, = \/ [2Rsin(ndp/2)]* + (ndh)?, 4

and the hopping strength scales as t;, = ¢ jle_(’/"_]f”/ le, The factors
I;, and t;; denote the nearest-neighbor atomic distance and hopping
integral, respectively, and /, is the decay constant. The inter-strand
hopping is considered between the site k of strand-I and site k of strand-
II, and the strength is given by the parameter 1. We can write the two
hopping matrices as follows

_(tw O _(+ 0
1 <O o and A YE 5)

The contact electrodes source (S) and drain (D), coupled to the ds
AFH, are parameterized by the on-site energy ¢, and NNH integral .
If not specified, the source is coupled to the first site of strand-I and the
drain is attached to the end site of strand-II of the helix. Other source-
helix—drain configuration is also taken into consideration, to explore
the specific role of junction configuration. The coupling strengths of
the helix with S and D are denoted by parameters are zg and 7,
respectively.

Theoretical framework: Transmission probability, junction current and spin
polarization

We determine the degree of spin filtration by calculating the spin
polarization which is the ratio of spin current and charge current, and
it is expressed as [44-46]

-1,

= x 100% (6)
IL+1,

where the spin current is Iy = I, — I, and the charge current is

Ic = I + 1. The maximum value of polarization (P = +100% or
P = —100%) is achieved only when one kind of spin flows and other is
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Table 1

Physical parameters of SRH and LRH ds AFHs.
System R (nm) Ah (nm) A (rad) I, (nm)
SRH 0.7 0.34 /5 0.09
LRH 0.25 0.15 57/9 0.09

completely absent, and, the minimum value of P is zero which means
that both up and down spin currents propagate equally through the
junction.

The spin dependent current is determined using Landauer-Biittiker
formula. Integrating the transmission probability over the allowed
energy window across the equilibrium Fermi energy E, we get the
current at finite temperature through the relation [32,33,47]

Ia=(e/h)/Tg (fs=/p)dE. )

where ¢ =t (l). Here fg¢ and f) are the Fermi-Dirac distribution
functions of S and D, respectively. The transmission probability T, is
evaluated following the Green’s function technique. First we calculate
the retarded and advanced Green’s functions, and they are defined
as [32,33]

GR=[G" = [E-H-25-2p]". ®)

Using GR and G4, transmission probability is found by taking the trace
of the matrix M, = I'yGRI',GA. The self-energy matrices X, of the
contact electrodes are connected to the coupling energy matrices via
the relation I'g(p) = =2i[Zgp,]-

Numerical results and discussion

Here we present and thoroughly analyze our numerical results of
double stranded antiferromagnetic helices under different input condi-
tions. Both the short-range and long-range hopping helices are taken
into account, and unless mentioned, we discuss the results of right-
handed helix system. The physical parameters that define SRH and
LRH ds AFHs are given in Table 1. These values are extensively used
in the literature to describe LRH and SRH helical systems [2,4], and
accordingly we also choose them. The most common and realistic
examples of these two types of helical systems are protein and DNA
molecules, respectively [2,4].

The other common parameter values are as follows. We take the
spin-dependent scattering parameter 4 = 1. The azimuthal angle ¢,
is always zero, and the polar angle 6;, becomes 0 or z whether the
magnetic moments are aligned along +Z or —Z direction. The intra-
strand hopping integrals 7;,,¢;;, are fixed to 1 and the inter-strand
coupling strength 4 is also set at 1. The on-site energy ¢; = 0. In
the side-attached electrodes we take ¢, = 0 and 7, = 3. The coupling
strengths are rg = 7, = 1. All the energies are measured in units
of electron-volt. If not specifically stated, the results are worked out
setting the temperature at 100K and considering the right-handed
helices with N = 40. The effects of helix size and temperature are
discussed in separate sub-sections. The rest other parameters those are
not common are mentioned in the appropriate parts.

The results are worked our for two distinct configurations of mag-
netic moments. In one case, the moments in strand-I are aligned along
+Z and in strand-II the moments are oriented along —Z, as shown
schematically in Fig. 1(a). We refer to such a system as type-I ds AFH.
Whereas, for the other case, we assume that in each strand the neigh-
boring magnetic moments are aligned along +Z directions, which is the
most common antiferromagnetic ordering. We call this system as type-II
ds AFH. The results of these two types of helices are described below
in two-subsections (Sections “Spin-dependent phenomena in type-I ds
AFH” and “Spin-dependent phenomena in type-II ds AFH”) one by one,
to have a complete overview.
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Fig. 2. Transmission probabilities of up (black color) and down (orange color) spin
electrons, where the first and second rows are associated with the SRH and LRH ds
AFHs respectively. In (a) and (c), the transmission spectra are shown in the full allowed
energy window, while in (b) and (d) the profiles are shown in a small energy window
for a better viewing. Here we choose the gate voltage V, = 0.5V and f = 0. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Spin-dependent phenomena in type-I ds AFH

Transmission probability, current and spin polarization

Let us begin with the transmission-energy characteristics shown
in Fig. 2, where the first and second rows correspond to the results
of the SRH and LRH helices respectively. In Fig. 2(a) and (c), the
transmission curves are plotted in the full energy window. As the
number of resonant peaks is reasonably large it is quite difficult to
distinguish them appropriately, and therefore, for a clear viewing in
Fig. 2(b) and (d), we re-plot the spectra in a small energy window.
In each spectrum, two different colored curves are for two different
spin cases, and the results are worked out setting the gate voltage V,
at 0.5V.

Depending on the hopping range, the transmission spectrum gets
modified significantly. For the SRH helix, the resonant peaks are almost
uniformly spaced. With reducing the hopping range, the spectrum
becomes more uniform, and in the NNH case, it is fully symmetric
around E = 0 (not shown here, as it is well known in the literature).
On the other hand, for the LRH helix the peaks are quite irregularly
spaced. Towards the bottom of the energy band, the peaks are closely
packed, while they are less densely packed in the opposite side of the
energy band. This is the generic behavior of the higher order electron
hopping. The channel mismatch for the LRH helix is more prominent
than the SRH one, and thus, better response is expected for the previous
case. In addition, we also see that the transmission-energy spectrum
gets splitted into approximately three ranges, which is solely due to
the AAH type modulation in site energies. This effect is relatively less
reflected in the SRH helix.

From the above analysis it is now clear that through these anti-
ferromagnetic helices spin selective currents and spin polarization can
be obtained in presence of transverse electric field. To inspect these
quantities let us focus on the results given in Fig. 3. Three different
Fermi energies are selected and they are represented by three different
colored curves. In the first row the results are shown for the SRH helix,
while for the LRH helix the results are given in the second row. The
system size and the other associated parameters are same as taken in
Fig. 2, to have a clear correspondence of the transmission spectra and
spin dependent currents. For the SRH case, the spin currents for all
the three Fermi energies show positive values, while for the LRH case
they are opposite. There is a finite difference in current magnitudes
as well. The sign and magnitudes of spin current solely depend on the
resonant transmission peaks of up and down spin electrons. When both

V (volt)

0.2

0.4

|
0.6

V (volt)

Fig. 3. Spin current and spin polarization coefficient for the SRH and LRH ds AFHs at
three different Fermi energies, where the blue, red and green curves are for E; = 2.2,
0.5, and 1.6 eV, respectively. The other parameters are same as taken in Fig. 2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

the spin channels contribute equally no spin polarization is obtained
as identical spin currents are there, otherwise a finite spin polarization
is available where up and down spin currents are unequal. Inspecting
the spectra given in the right column of Fig. 3 it is seen that more
favorable response is obtained for the LRH system than the SRH one.
On one hand, the degree of spin polarization is high, and on the other
hand, it persists over a broad range of bias voltage, which is particularly
very essential in the context of experimental realization. Here it is
worthy to mention that the choice of the Fermi energy is very crucial.
If we choose E in a particular region where only one spin channel
contributes around the selected energy window associated with the
bias voltage, cent percent spin polarization will be obtained, though it
is quite difficult to achieve. So, scanning of Er over the wide region
is necessary to have a complete response, and to check where the
response is best. These issues are available in the appropriate places
of the forthcoming sub-sections.

Tuning of spin polarization and effects of different physical parameters in
type-I ds AFH

In this sub-section, we concentrate on the possible tuning of spin
polarization and critically discuss the effects of different physical pa-
rameters associated with the system, by varying them in a broad range,
for the sake of completeness of our investigation.

H Effects of gate voltage, applied bias and dependence of Fermi
energy - Possible tuning: Fig. 4 shows the density plot of spin
polarization co-efficient in two situations. In one case, the variation of
P is given in terms of applied bias and the Fermi energy, when the
gate voltage is kept constant. While, for the other case, the variation of
P is shown as functions of gate voltage (i.e., the electric field) and the
direction of the field, when the applied bias and Fermi energy are fixed.
The results are quite interesting and important too. For a particular bias
voltage, the degree of spin polarization gets modified significantly with
the variation of E, (left panel of Fig. 4). This phenomenon entirely
depends on the contributing resonant transmission peaks associated
with the up and down spin electrons. Thus the choice of E is highly
important, and to select the best possible E, we need to scan over
the full Fermi energy window like what is given in Fig. 4(a). The
degree of spin filtration efficiency, for any specific Ej, gets reduced
with increasing the applied bias, since for large V', both up and down
spin channels contribute to electron transfer, and thus more mixing of
electrons occurs which yields lesser value of P. Hence, low bias region
is much more favorable to have a better response. Similar to Fig. 4(a),
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Fig. 4. (Color online). Density plot of spin polarization for the LRH helix. (a)
Polarization as functions of Fermi energy and bias voltage. Here we take V, = 0.5
V and § = 0. (b) Polarization as functions of ¥, and f. Here we set ¥ = 0.2V and
Ep=05 eV.
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Fig. 5. (Color online). Variation of maximum spin polarization P,,. as a function of
system size N for the LRH case. Here we set V =02V, V, =075V, f=0.

(b) suggests that the magnitude and sign of P can be tuned by means
of the external electric field and the change of its direction. Almost
a complete phase reversal (+P to —P, and vice versa) is obtained
by adjusting V, and f, which might be very interesting in designing
of suitable spin-based electronic devices. For lower values of V,, P
becomes very small, as expected, since for these cases the mismatch
among up and down spin transmission peaks becomes too small. For
large values of V,, P becomes very high and reaches close to cent
percent. Most importantly, this high degree of spin polarization persists
for a reasonably broad parameter windows. For the situation when P
reaches to either +100% or —100%, only up or down spin electrons
can propagate through the helix, and thus, it can be stated that the
half-metallic state [48] is available in our proposed system.

H Dependence of spin polarization on system size and tempera-
ture: The results analyzed so far are worked out for a fixed helix size
and fixed system temperature. It is indeed required to check whether
any significant change is observed if we vary these parameters. In this
sub-section, we discuss these issues one by one. For each helix size, our
main aim is to check how much maximum spin polarization is obtained.
To inspect it, we compute the maximum of spin polarization (referred
to as P,,,) for each N, and it is obtained by taking the maximum of spin
polarization by varying E over the full energy window. The variation
of P,, with N is shown in Fig. 5, by changing N in a wide range.
What we find that, P, oscillates quite irregularly with helix size N,
and this is entirely due to quantum interference of electronic waves
passing through the system. Here we choose a specific set of physical
parameters, and selecting any other set, a similar kind of oscillating be-
havior with N is also observed which we confirm through our detailed
numerical calculations. This kind of oscillation in spin polarization has
already been reported elsewhere in other related papers [5]. The fact
is that, a reasonably high value of P is expected even for moderately
large system size. This is an important hint, and might be useful in the
context of experimental realization of our proposed prescription.
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Fig. 6. Dependence of spin polarization on temperature at two different Fermi energies
for the LRH case, where the blue and dark red curves are for E, = -2.2 and -0.3 eV,
respectively. The other parameters are: V' = 02V, ¥, = 0.5V, and f§ = 0. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 7. Comparison between right-handed and left-handed LRH ds antiferromagnetic
helices. The light green curve is for the left-handed helix and the purple curve is for
the right-handed one. We set V, = 0.8 and E; =04 eV. (a) f = z/2 and (b) f =z /6.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

The spin polarization is quite less sensitive to temperature (Fig. 6),
which is of course highly desirable, as in that case we can have the
filtration operation up to a high temperature limit. With increasing
temperature, the resonant peaks are broadened, and hence, the proba-
bility of getting the contributions from both up and down spin channels
increases, which results a reduction of P. This effect i.e., the appearance
of two spin-dependent energy channels in a particular energy window
due to thermal broadening can be reduced, in other way, by choosing
small system size such that the average energy level spacing is much
higher than the thermal energy. From the curves shown in Fig. 6, it is
noticed that high degree of spin polarization still persists over a large
temperature limit.

M Interplay between right-handed and left-handed ds AFHs: In the
above, all the results are discussed for the right-handed helix only. In
this sub-section we concentrate on the effect of handedness, specifi-
cally to check how the efficiency gets affected with the alternation of
handedness. This effect can be incorporated quite easily into the TB
Hamiltonian through a sign reversal of the twisting angle i.e., right-
handed to left-handed is obtained through the operation 4¢ — —4¢ [2,
4]. We need to select the total number of magnetic sites in individual
strands in such a way that complete turns are obtained. For our chosen
set of physical parameters of LRH helix, we choose 19 sites in each
strand which gives two complete turns. Fig. 7 shows the results for the
right-handed and left-handed helices at two distinct values of g. For
each g, there is significant change of P when we alter the handedness
of the helix system. This is solely due to the modification of the on-site
energies in presence of the external electric field, which directly affects
the energy spectra of up and down spin channels, and thus, the spin
polarization. So, to have a favorable response, we need to concentrate
on the handedness of the helix system as well.

Il Dependence on position of drain electrode: Now, we discuss
the specific role of source-helix—drain junction configuration on spin-
selective transport phenomena. The junction configuration sometimes



D.D. Gupta et al.

Results in Physics 52 (2023) 106918

1 1 1 o
-4 -3 -2 -1 0 1 2 3 4 -1 -0.5 0 0.5 1

E (eV) E (eV)
T T T i\ T T T L

(©) (d)
LRH

> 0.5¢ 1 Los H
0 P Ty Oh ! f a|
-4 -3 -2-10 1 2 3 4 -1 -0.5 0 05 1

E(eV) E (eV)

Fig. 8. (Color online). Same as Fig. 2, when the drain is coupled to the end site of
strand-I. All the physical parameters are unchanged as used in Fig. 2.
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Fig. 9. Similar to Fig. 3 where the spin current and spin polarization as a function
of bias voltage are shown for the ds antiferromagnetic helices, connecting the source
at first site of strand-I (as earlier) and drain at the end site of strand-I. The magenta,
cyan and gray curves are for Er =0, 0.5 and 1.6 eV, respectively. The rest of other
parameters are the same as taken in Fig. 2. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

plays an important role, and thus its effect needs to be explored,
specifically to check how the spin selectively gets modified with the
changing of the drain position. In Fig. 8, we display the results of
spin-dependent transmission probabilities both for the SRH and LRH
cases, similar to the results presented in Fig. 2, connecting the drain
electrode to the end site of the strand-I. The source position remains
unchanged. Carefully inspecting the spectra given in Figs. 2 and 8, we
can emphasize that the results are quite comparable to each other. No
such drastic change is expected. This is somewhat expected as in the
helices, electrons can access different possible paths mainly because
of the existence of finite connection among the two strands. For the
systems where available paths are very less, large change is expected
with the variation of the drain position. Such issues have already been
discussed earlier in other contemporary works.

Corresponding to the transmission curves given in Fig. 8, in Fig. 9
we show the variation of spin current and spin polarization with bias
voltage, at three typical values of Fermi energy. The characteristics
features of current and spin polarization are almost similar to what
are presented in Fig. 3. The results are sensitive to the choice of the
Fermi energy, as expected. Most importantly, a high degree of spin
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Fig. 10. Results in the absence of any twisting. Spin current and spin polarization as
a function of bias voltage are shown (similar to Fig. 3) for the ds antiferromagnetic
ladders (4¢ = 0), connecting the source at the first site of strand-I and drain at the end
site of strand-II. The three colored curves correspond to the identical Fermi energies
as used in Fig. 3. The rest of other parameters are the same as taken in Fig. 2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

polarization is also obtained for this junction configuration, and like
before, LRH helix exhibits favorable response compared to the SRH one.

l Response in the absence of twisting (4¢ = 0): To inspect whether
molecular conformation has any significant impact on spin selectivity
and to compare the results between the twisted and twist-free systems,
here in this sub-section, we discuss the response when there is no
twisting i.e., when 4A¢ = 0. Under this situation, the site energies (in
the absence of spin-dependent scattering) of all the sites in strand-
I become eV,, while for the other strand, the site energies become
—eV, (see Eq. (3)). For the twist-free antiferromagnetic ladders, the
results of spin current and spin polarization are shown in Fig. 10. Apart
from the twisting, all the other physical parameters and the junction
configuration remain unchanged as considered in Fig. 3, to have a
direct comparison with the antiferromagnetic ladders in the presence
of twisting. Similar to Fig. 3, finite spin currents are obtained both for
the SRH and LRH cases (Fig. 10(a) and (c)), but the degree of spin
polarization is quite inferior (right column of Fig. 10) compared to
what are seen for the SRH and LRH systems when twisting effect is
taken into account (right column of Fig. 3). The underlying mechanism
is associated with the cosine modulation of site energies for non-zero
A¢p, which provides a larger mismatch between up and down spin
transmission spectra at multiple energy zones. Here it is pertinent to
mention that, like our chosen type-I antiferromagnetic ladders where
each strand is ferromagnetic (commonly referred to as A-type anti-
ferromagnetic system), the electric field induced spin polarization has
also been reported in other similar kinds of A-type antiferromagnetic
bilayers [24-26].

Spin-dependent phenomena in type-II ds AFH

The spin dependent transport phenomena discussed so far are
worked out for type-I configuration where the magnetic moments in
strand-I are aligned along +Z direction, and for the other strand
(strand-II) the moments are aligned along —Z direction. Here, in this
sub-section, we analyze the transport phenomena considering a differ-
ent configuration of magnetic moments, which is schematically shown
in Fig. 11. We mention it as type-II configuration. The neighboring
magnetic moments in each strand are aligned in the opposite directions,
which is the most common arrangement in antiferromagnetic systems
(conventionally referred to as G-type antiferromagnetic system). The
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Fig. 11. (Color online). Schematic junction setup considering a double stranded
antiferromagnetic helix with different arrangement of magnetic moments compared to

Fig. 1.
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Fig. 12. (Color online). Transmission spectra, both in the full and small energy
windows, for the junction setup with type-II ds antiferromagnetic helices. The first
and second rows are associated with the SRH and LRH cases, respectively. The contact
electrodes are coupled to the helices as prescribed in Fig. 11. The physical parameters
are same as taken in Fig. 2.

source electrode is coupled to the first site of strand-I and the drain is
attached to the end site of strand-II. For the junction setup shown in
Fig. 11, we present the results of spin-dependent transmission proba-
bilities as a function of energy in Fig. 12, similar to Figs. 2 and 8. Here
it is crucial to point out that, for this G-type antiferromagnetic system
where the net magnetization of each strand is zero, no separation between
up and down spin transmission spectra takes place by the transverse
electric field unless the helicity effect is taken into account. It can be
understood from the concept of symmetry of the individual strands. As
the neighboring magnetic moments in each strand are aligned along +Z
directions, the Hamiltonians of the two strands are exactly symmetric
to each other even in the presence of electric field, when 4¢ = 0. Thus,
for the twist-free case, the up and down spin energy eigenvalues will
be identical, and no spin polarization is expected. Once the electric

Fig. 13. Spin current and spin polarization coefficient for the type-II ds AFHs with
the junction configuration used in Fig. 12 at three different Fermi energies, where the
purple, green and the pink curves are for E; = 1.6, 2 and 2.5 eV respectively. The
other parameters are same as taken in Fig. 2. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

field is applied, the site energies get modulated in the cosine form,
as mentioned in Eq. (3). Each strand becomes a correlated disordered
one, and most importantly, there is a sign reversal between the site
energies in the two strands. All these are directly involved with the
helicity of the geometry. Under this situation the symmetry between the
two strands gets broken which provides different energy eigenvalues
for up and down spin electrons, and hence, a finite mismatch occurs
in the transmission spectra, that is clearly seen from the results given
in Fig. 12. Both the full and reduced energy windows are taken into
account in Fig. 12, like the previous cases. The overall transmission
spectrum, be it for up or down spin case, gets modified. A large gap
appears around E = 0. This is due to the anti-parallel orientation of
neighboring magnetic moments. For such an arrangement the effective
site energies along each strand become binary alloy type which results
a finite gap. The other properties like a finite mismatch among up
and down spin transmission curves, dominance of up or down spin
transmission probability in a specific energy window compared to the
other, and related issues, remain same what are observed for the type-I
configuration. So, the general statement is that, even though the net
magnetization is zero, a finite separation between up and down spin
transmission probabilities might be expected.

Because of this fact, we can expect finite spin current and spin
polarization across the type-II helix. The results are given in Fig. 13.
It is clearly seen that finite spin current is obtained, and the degree of
spin polarization is quite favorable. In some cases, more than 80% spin
polarization is achieved. Now, if we compare all the results presented in
Figs. 3, 9 and 13, then we can say that the type-I LRH ds AFH with the
junction configuration given in Fig. 1 provides the best performance.
For this setup, on one hand, the degree of polarization is too high, and
on the other hand, this phenomenon persists over a broad range of bias
window. Comparing the results of A-type and G-type double-stranded
systems it is emphasized that, for the G-type configuration we need
to consider both the electric field and the helicity, unlike the A-type
configuration where only the electric field is sufficient to have a finite
spin polarization.

Closing remarks

To conclude, in the present work, we report spin filtration operation
in a double stranded magnetic helix where the net magnetization is
zero. The symmetry between up and down spin Hamiltonians is broken
by applying an electric field perpendicular to helix axis. Due to the
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electric field site energies in each strand becomes correlated in the well
known AAH form, and there is a sign reversal for the two strands. The
inter- and intra-strand hopping integrals play an important role that
is clearly reflected in our investigation. The dependences of different
physical parameters associated with the system are thoroughly ana-
lyzed. Describing the helix geometry within a tight-binding framework,
we compute all the required quantities following the Green’s function
formalism. What we find is that, a high degree of spin polarization is
obtained and that can selectively be monitored by adjusting the field
strength and the field direction. Moreover, all the results persist for a
wide range of input parameters, which gives us confidence that our
proposed prescription can be implemented in a suitable laboratory.
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