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Study of Chirality-induced Spin Polarization
Spin—dependent Photocurrent Response
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Chirality-induced spin selectivity (CISS) has been found for chiral
molecular systems as demonstrated by spin-polarized photoelectron emission
[1] and magnetoresistance [2] experiments. These observations indicate that
chiral systems emit a charge current, which is spin-polarized along the flow
direction, and that the spin polarization is opposite between right- and left-

handed structures. However, the mechanism remains to be clarified.

(1) Current-induced Bulk Magnetization of a Chiral Crystal CrNb3Ss

Originally, the CISS was established in insulating materials, such as DNA
and polypeptide, using tunnel devices [2]. In tunneling transport, methods of
investigation into the CISS have been limited because of the high resistance
and the short device channel. Recently, this limitation has been removed by
using conductive materials in microcrystal or microfiber devices [3]. A wide
variety of spintronic and magnetic techniques has become applicable,
including the spin Hall effect, its inverse effects, and several magnetometries.
In addition, when the system shows band transport as well as good conductivity,
the band theory is applicable to understanding the CISS. Therefore, chiral
conductive materials are an attractive platform for further exploration of the
CISS.

CrNbszSe is the first material to show the CISS in metallic conduction. Spin
polarization was detected by the inverse spin Hall effect in the previous study
[3]. However, further investigation had been required because quantitative
information was lacking to evaluate the exact number of spin-polarized
electrons. This evaluation is important to discuss the mechanism of the CISS
in CrNbsSs.

I integrated the quantitative method of SQUID magnetometry with a
current sourcing system and applied this method to the evaluation of the CISS
(Fig.1a) [4]. I found large current-induced magnetization which originated in
the CISS with a strong enhancement (Fig.1b). Calculation within the
framework of Boltzmann’s equation suggested that this enhancement was
equivalent to the situation where one spin-polarized electron induced

additional polarization of 100,000 electrons. This unique situation requires us



to consider exchange interaction as a possible cause of additional polarization.
Additionally, I found that current-induced magnetization was further
enhanced in the crossover region between the paramagnetic and ferromagnetic
phases (Fig.1c). This result suggested the importance of incipient spin order

to enhance the CISS. My findings could be a key to understanding the nature
of the CISS in CrNbsSs.
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Figure 1. (a) Schematic illustration of the experimental setup for the
SQUID measurement with optical micrograph of a CrNbsSe plate
sample. Scale bar, 0.5 mm. (b) Current dependence of AMecyen which
correspond to the magnetization changes by applying electric current.
(c) Color contour map of AMeven in the H-7 plane at 30 mA together
with phase diagram of CrNbsSe; Black line denote the PM-to-FM

crossover and FM-to-conical phase boundary (PM: paramagnetic; FM:

forced ferromagnetic).

(2) Spin-dependent Bulk Photovoltaic Effect in a Chiral Perylene-diimide
Crystal

Chiral crystals guarantee the breaking of spatial inversion symmetry. It
allows the crystal to show a photocurrent response without a bias voltage
(zero-bias photocurrent), which is called the bulk photovoltaic effect (BPVE)
[5]. Recently, the microscopic origin of BPVE has been discussed within the
framework of the shift current mechanism [6]. The shift current is generated
by the Berry connection difference between a valence band maximum and a
conduction band minimum.

As a combined effect of the BPVE and CISS, one can expect a spin-dependent
photocurrent response in the chiral system. Because both photo-generated

electron and hole carriers have spin-1/2, these spin species should be affected



by the chirality effect, leading to a spin-dependent photocurrent response.
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Figure 2. (a) Molecular structure of (R)-ChiPDI. (b) 7-V curves on (R)-ChiPDI
single crystal with irradiation (purple line) and without irradiation (gray line)
of monochromatic light (1 =460 nm) with a power of 18 mW/cm?2. The inset shows
schematic 1illustration of the experimental setup for the photocurrent
measurement. The electric current was generated by photoirradiation without
any external bias voltage. (¢) Magnetic field dependence of the zero-bias
photocurrent (Iph). Experimental data are plotted by gray circles. The red line
is a fit to the function containing two Lorentzian curves. MPC(B) is defined as
MPC(B) = {l,n(B) — I,n(B = 0)}/L,,(B = 0) x 100%. MPC(B) response contains a narrow
component, MPCy(B) in low field region (|B] <40 mT) and broad component,
MPCg(B) in high field region (|B| > 40 mT). The inset shows schematic illustration
of the experimental setup for the magneto-photocurrent measurement. (d) A
plot of the 1/HWHM of MPCz(B) as a function of the PL lifetime. The red line is
a fit to the function corresponding to the Ag model [7].

In this study, we investigated a photocurrent response in a single crystal
of a chiral perylene-diimide derivative (ChiPDI). We observed two types of
magnetic field effects on the bulk photovoltaic effect (magneto-photocurrent)
(Fig.2c), which we related to the behavior of spin-pair species in the singlet
and triplet configuration of the photogenerated spin-1/2 electron and hole. One
of the field effects was fully explained by the Ag mechanism [7]. The difference
between g-factors of the electron and hole spins induced spin-mixing between
singlet and triplet under the magnetic field, leading to the change of the
photocurrent when the dissociation rate of singlet and triplet is not equal to
one another. From the analysis of the inverse linear relationship between half-
width at half maximum of the Lorentzian-shaped magneto-photocurrent and
photoluminescence lifetime (Fig.2d), we found the ChiPDI crystal had Ag =

0.05 which is much larger than normal organic molecules. This value implied



the existence of large spin-orbit coupling (SOC) in the ChiPDI, which could be
related to the CISS theory [8] indicating the effectively large SOC in a chiral
system. Our results demonstrated the controllability of the BPVE by using a
magnetic field and served an insight into the CISS through the Ag value. We
anticipate that the magnetic field effect technique could be a key to
understanding the CISS in a photophysical process.

In summary, I worked on two research topics related to the CISS. Firstly, I
investigated the CISS in a chiral metal and found a large current-induced
magnetization in CrNbsSs, which originated in the CISS with a strong
enhancement [4]. I proposed a possible mechanism for this enhancement
considering the exchange interaction. Secondly, I investigated a bulk-
photovoltaic effect (BPVE) in a chiral perylene-diimide crystal and found two
types of magnetic field effects on the BPVE. The Ag mechanism [7] was
reasonable to explain one of the field effects and I found that ChiPDI crystal
had large Ag. I proposed the origin of large Ag was chirality-induced effectively
large SOC which has been discussed in the CISS theory [8]. Both of my
research will be important clues for understanding the CISS of chiral metals

and semiconductors in electrical charge transport and photophysical process.

References

1) B. Gohler et al., Science 331, 894 (2011).

2) Z. Xie et al., Nano Lett. 11, 4652 (2011).

3) A. Inui et al., Phys. Rev. Lett. 124, 166602 (2020).

4) Y. Nabei et al., Appl. Phys. Lett. 117, 052408 (2020).
5) R. von Baltz et al., Phys. Rev. B 23, 5590 (1981).

6) S. M. Young et al., Phys. Rev. Lett. 109, 116601 (2012).
7) C. Zhang et al., Nat. Phys. 11, 427 (2015).

8) X. Li et al., Phys. Rev. Lett. 125, 263002 (2020).



Form8 - Separate Sheet
(B8 -+ Bt 1)

Results of the doctoral thesis defense

=, Y
ELmCEERR
Na‘gé inz:'ull ﬁ%# )%?k
é“nﬁij(;%ﬁlﬁe Study of Chirality-induced Spin Polarization and Spin-dependent
Photocurrent Response
K LIEF TN R REEEZ AT 2EEOEFEEICE T 2 AL ORENZHONT,

w%7wAE%;Uﬁw%7W#%WQmwT%%@£&% REToT-bDTHDH, KX
T4ENLRD,

B1ETEHHEOEREENEZBRRXTNWD, EFEF T N0 F0HMm & Az CISS
(Chirality-Induced-Spin-Selectivity) & FEIZ N 2 RN EB ZED TWVWDH A, F 1 ETIE
%@Lﬁﬁﬁul&iﬂi G BRZOBRIZONTEELEDDL I LIZL ST, KimXlcB T 5 EBfR
Ak D WEBIZOWTHLETWD, £, ERB/SBEELFOZ LIk TEL LRV
7ifﬁﬁxﬁ% (BPVE) iZoWTH#EM L, 7 b Lo MEMEND., SHEIEEICHES RV
—(IHENSEC DB HDFNRBADREICONT, ZOHG L KL OHFFEH %2k~ T
W5, TNIEFEIETITOLNAMAEOERERDIBETHY, ¥ TV THBEZFEOBKE
ﬁ’élﬁbtbf:k%’80>ot57l£fﬁ%%75§%ﬁﬁf‘%é7b> TOREMEBRTZ LD TH 5,

FHOoOETHBEEX, X7 MENMEZETH5E8E Th s CrNbsSe D /N /L 7 &t i
mmﬁﬁﬁ%%ﬁibfwécmsﬁ%i#7wﬁ PTEBEBELTCEEETFOAE VN,

(53 FDEMHEIIE T T) EITHAIICTEITH D2 VIR EATICRB T 28R TH 50, &KL Z
DNED CrNbaSe D~ A 7 0 T NA ZATHLBP SN D Z ERWA LN LR S>TEY | KiFRE
XZDOEATMEICMBE I NTZHDOTH D, &b, BITHR TIEAE U REE O i HE
ZRDODDHZENHNETCH >, HFEE T SQUID B GO TEIEZFIM L 720N 5 i
m%ﬂ FRT U RHTBICLE ST, AV UVRBEROMIIEEZRD D Z LICEANLE, £D

DICHBEZEIIMBEO e —7 % L, @UICHMAZHEVIRTZ LIk T, A RT
% Mﬂi}%% Va— VAORBELZYER L CERKEM L EZEBIHT L Z STl LT,

CTHINENEBERFBEMAOMIEN D AU FHMBELRDZLE Z A, 10,000,000%
CWIHIERBRIENEOSNDZERHLNE R, ZHIETARADE, OEODRE U IHEE
BN, TOEMICH D 10 GTEOEF 2 ZHWMHEFERNICI > TAV U FERISETWD &
WO ZETHY, BIREERTHD, CISS RITINF TCAEY VHLEMEEH O/ E
f%%fﬁ%@ﬁ@%ﬂ%%ﬂé&wé:&#%\ﬁ%%m§<®%%%%gébfwé

VAN b FTAMBORAN LA RBELFRH O N E ot S HICHIHE
%& BB EMAEOREKREEZFRI L, O E . CrNbsSe DR E — A FH X % Lk
THZEICEY, HHEME BB AN TORAE UL ENERBEMEIELEET SO
b, —HTIREZENZEAERALNVERE FROMLICERT 2 L Eb
N2EMBEMACK DD OFETHEET LI EbEmL TWVD,

F3ECHBEHEIX AKX 7 L EERERICBITINEENDHRICOVTHREL TN D,



ZOMETIE, N AL T Y7 R LU e CISSHHIROEEICLA2BEEMN R
MRPHFmEND BRI NTH, REOEBRAELPRESINLTND, T HBEEIX
RV VUV AIREBREAT DX INDFEGHK - fidfb L. ¥ 70 ThHh otz K ohk
mn (ZEMIBE P21) Z RIKE SR BICFERT 22 LTSI Lz, 2z Ll, 216
AERCTH D bl T M ONRENEZRE Lz & 2 A, OIS L7 YeE 2 8 L
oo ZONEIRIZIRELE SEHETKIELTEY, 7 MLy b THIRFEND H O L F U X
FRPEE 7o T D, FEEEIC, AL T ZNEROBENRY —(KEEIZ, 7 ML FD
HEICESCHBTEISEBEND Z bR, WICHBEE XE Y % EARR B &
ORI E L, TORFOREROEALEZ T T2, ERFEILCICE L TiE, BRI MK
PRSI, fmANOSs TRMEEERAPREFN O Z ERRBENTZ, —FH. MiE
HTIHRBHT 2O ELATRMICE ST I BREOERMBOENLHD Z LW LML R
ol TORMZELEMPF S A TRV, FENOEFPFFOMESH &L OFE S E D
T, SHBBEEBEWIER G L2 Z RSN, REICHBEE X, LEROMBGIKE
PEIZ O W T 2T o7 fidb bl & EATICHIG AR L 2R b BRZFHB LI L 2 A,
55 1% 5 pE Ik CUX BBV O Jl D A3 TGS SE IR CIXE R o KB S -, Zhidkic
KFoTELEREFrRY 7Ly MRREELE MY 7Ly MREOB CHMRZZ4EZ LT
LHleHEEZ NS, HBEAEITRBESGER TOMBNRITON T, BSEEKFLER D FHE
MR T DIREREME L, EEHFmMmOBEREEE OMIC—EDORENH 5 Z & & EREY
WWHRHL, 2PV bwbHAg AD=ALATHHTELIZ tExmllc, 22Tk
AgDEIXEHY & L TIIHRPHRERMEEZR-> TR, AV UVHLEMEABER OMEER &
RO IMDORBFD AT = X LABFHNTND ZERRB IR, £, KEGHERICEHT
DR FIT, BBRE— AL NEDNANANR—=T 7 4 VB CTHHANARETH D Z & bR
Iz,

FAETIE, LEORREZBRIEL, Mk~ORENP BN TND,

WME e TRECHEAITRBY, HFEOHM, T — X OR, O RERL EIxERE
—HLTW2, ¥ 7 V&R0oERFLMEIEZ SQUID I X v BE#EHNHT L Z LlckB L
E, AHEX T EEREREHWIELEENDR L T OMBRBNIC L BENRD S
. o EES T TS, £, Fo-HITEEFRECLERIA TS, 2
ooz Enb, KELWIFMRGITHET 2L, FEE —FGHEOITITHE Lz,



