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CISS (Chirality-Induced-Spin-Selectivity) Effect in Chiral Molecular Superconductor

Superconducting spintronics is a remarkable field

superconductivity with spintronics to immensely enhance

of research which combines

spin-related effects such as spin

transport and magnetoresistancel'l. Spin-polarized superconducting current is important for

injecting spin into a device and is required to be
produced efficiently. However, normal ©
superconducting current doesn’t have spin angular

momentum because of the singlet nature of

Cooper pairs, although triplet state is theoretically ight-Handed System

predicted. Also, injecting spin from ferromagnetic

electrode doesn’t significantly affect the entire -©
spin  polarization.  This thesis considers

possibilities for  generating spin-polarized @
supercurrent, its high polarization rate, and
polarity reversal by switching the chirality.

Chiral materials can emit a spin-polarized
current with a high polarization rate even when it
is constituting only light elements. This effect is
known as a Chirality-Induced-Spin-Selectivity
(CISS) effect (Fig.1)[?]. Although various attempts
were made to wunderstand CISS effect, no
theoretical consensus has been achieved. CISS
effect had been observed only for highly
insulating materials at its initial stage of research,
but now the research has been extended to
semiconductors and metals. We have focused our attention
on chiral superconductor to further enhance the CISS effect
presumably due to its coherent nature that can enhance the
spin diffusion length. Macroscopic coherence of the
superconducting state may also enable spatial mapping of
spin accumulation. In the present study, a spin-polarized
transport in a chiral molecular superconductor k-(BEDT-
TTF),Cu(NCS), (x-NCS) is investigated. The strong
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Figl. Conceptual schematic of CISS effect
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Fig.2 Crystal structure of a chiral

molecular superconductor k-NCS
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Fig.3 Schematic of k-NCS device
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capability of k-NCS to orient electrons’ spins can be attributed to CISS effect in the
superconducting state (Fig.2).

The k-NCS thin crystal was laminated on a plastic substrate to fabricate the device#1 (Fig.3),
where the crystal carried a spatially uniform enantiomeric excess. In this crystal, relative
configuration of constituent molecules exhibits chiral structure in spite of each molecule being
achiral. k-NCS belongs to the enantiomorphic space group P2; with a screw axis along the
b-axis. The bulk superconducting transition temperature is 10.4 K, but the electrical resistance
measurement showed that the superconducting transition temperature was 7.5K . This
transition temperature lower than that of the bulk crystal is originating in compressive strain
from the PEN substrate. Superconducting CISS effect was demonstrated by detecting a voltage
drop (V) generated at the interface between k-NCS and a nickel electrode with an a.c. electric
current (I;.). When an electron passing through the chiral superconductor flows into the
electrode, it carries spin polarization generated by CISS effect. Once the up-spin current enters
the electrode, excess of up-spins appears at the interface. Hence, the polarity of the spin
accumulation is up-spin in the electrode. Reversing the electron flow doesn’t change the
polarity of interfacial spin accumulation because down-spins are removed from the electrode.
Such spin polarization under a.c. excitation by [,. produces d.c. V at the interface on time
average. The voltage sign depends on a relative angle between the spin accumulation polarity

and the magnetization of the ferromagnetic nickel electrode.

Upon the application of I,., V appeared and was
increased by increasing [,.. V reversed sign upon
the reversal magnetic field (H) direction and

exhibited the nonlinear field dependence (Fig.4). H

V (V)

dependence of V confirmed that it surely

corresponded to the magnetisation curve of nickel,

_ 1 1 i 1 1
which means that V originates in the interfacial spin 40 4 2 0 ) 4

H (kOg)
Fig4. Magnetic field dependency of

accumulation. The angle (6) dependence of H
within the crystal plane determined the direction of

the output voltage
the spin polarity (o) (Fig.5). Moreover, V 45 =
[V(+5 k0e) —V(-5k0e)]/2 was defined for

quantitative analysis. V,;4 from nickel to k-NCS 10

20

varies with 6, and it disappeared when H was

V(uv)

perpendicular to . On one of the electrodes, V,4q4
vanished at 8 = 17°. This result revealed that ¢ was -10f
tilted by 107° (Terminal 2 in Fig. 6). The same i

analysis to all the electrodes showed that opposite 4 E) 0 ) 4

spins at the two ends of the crystal were formed 1 (kOe)
(Fig.6). Figs. H dependence of V at

different values of 6



Spin polarization is theoretically predicted to be S
Terminal 4 emne Terminal 6

generated by electric current in a gyrotropic s ’$}65 a7

superconductor by Edelstein effect following a spin-

split band energy structure. This is given by 8ng,;, =

Tyy]g , where &nj,; denotes spin polarization
density, T,, denotes a component of the
magnetoresistance tensor, and J) denotes a 7
supercurrent density in y direction. This means that 1e7d
when the supercurrent is applied along the y-axis, Terminal 1 ‘“& " Terminal 3

Terminal 2

only y direction component of the spin density is Figé. Spatial distribution of the spin

generated®!. From this calculation, the voltage drop polarization
expected only from Edelstein effect Vgge 1is

estimated as Vgger ~ PF6nf;lt/{eNrflin(EF)}, where PF denotes the equilibrium spin polarization,
and NP, (Er) denotes the density of states for the minority spin at the Fermi level of nickel*).
Crucially, V,;4 was three orders of magnitude larger than estimated Vgg4.; = 26 nV. This large
voltage requires additional explanations other than the Edelstein effect, which may include an
enhancement of spin orbit interactions (SOI). As one of the candidate explanations, one may
think that electron-lattice interaction enhances conventional SOI in superconducting CISS
effect.

Nonlocal measurement, in which detection and excitation electrodes separated, was also
performed. An electric current was applied to excitation electrodes and V,;; was measured in
detection electrodes. These two electrodes were spatially separated by 600 yum. A nonlocal
voltage signal appeared and exhibited the same magnetic field dependence as observed in the
local measurement. This implied that the spin polarization prevails in a whole crystal.

Furthermore, the polarity reversal was Upper terminal Upper terminal
found by exciting the chiral superconductor ) 4 ‘
at two different positions with opposite
handedness (Fig.7). 1In this crystal
(device#2), two domains of opposite
handedness coexist. Inward/outward spin

pairing switching was achieved by

switching handedness of «-NCS at the
excitation positions in device#2. This Lower terminal Lower terminal

switching of a pair of oppositely polarized Fig.7 Schematic illustration of the experimental

spins corresponded itself under the time- geometry for selective application
reversal (T) operation, which is regarded as T-odd while expressing handedness of the crystal.
Considering the fact that a chiral structure is T-even, CISS effect combined with electric
excitation involves conversion from T-even to T-odd chirality. Spin accumulation process
seems to transform T-even spin current into a T-odd antiparallel spin pair. While a single spin

is invariant in an inversion operation, an antiparallel spin pair is enantiomorphic in the same



operation. This means that an antiparallel spin pair generated by CISS effect exhibits T-odd
chirality. With our experiments, the origin of the spin carrier was unidentified. Spin-triplet
supercurrent or Bogoliubov quasiparticle could activate the spin polarization. Identifying spin
carriers will be an important future challenge.

In summary, it is shown that a superconductor, which does not originally have spin angular
momentum, has an ability to generate giant spin polarization and experimentally link the
relation between time-reversal symmetry and chirality in the CISS effect. The present research
can be extended to superconducting spintronics as it has provided clear methods for generation
and switching of spin current in the superconducting state.
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