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Strong magnetochiral dichroism for visible light emission in a rationally
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Magnetochiral dichroism (MChD) in chiral materials is a nonreciprocal directional dichroism producing
optical absorption/emission differences for unpolarized (or linearly polarized) light propagating parallel and
antiparallel to a magnetic field; this is an intriguing optical phenomenon enabled by coupling between chirality
and magnetism. Since ubiquitous unpolarized light can be coupled with chirality of materials in a magnetic field,
MChD has been attracting attention as a potential source for asymmetric photochemical reactions and as an
application source for novel magneto-optical devices. However, it has been weakly observed in the visible light
region, which is of the order of 10~2—10~'% for the corresponding signal, and prevents further applications. In
this study, we demonstrate a strong MChD for visible light emission based on the microscopic mechanism in
a terbium(III) chiral complex with highly symmetrical nona-coordinated geometry. The MChD signal reaches
~16% at 14 T of the luminescence intensity, involving the development of magnetization under magnetic fields.
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I. INTRODUCTION

Since the time of Pasteur [1], the interplay between chiral-
ity and magnetism has become a popular topic in the fields of
physics and materials science [2—4]. The relevant phenomena
are, for example, known as a skyrmion with a topological spin
texture in a chiral lattice [5], the spin-filtering effect by chiral
molecules [6], and nonreciprocal directional light propagation
in a chiral medium under magnetic fields, i.e., magnetochiral
dichroism (MChD) [7-28]. Among them, MChD is exper-
imentally observed as a difference of optical absorption or
luminescence intensity for unpolarized (or linearly polarized)
light, depending on parallel or antiparallel propagating direc-
tion to an applied magnetic field (H). MChD depends on the
sign of y®tk - H(y® = —yl), where y®' means chirality
and k is a directional vector of light propagation. In particular,
MChD for visible light is fascinating from the viewpoint of
both fundamentals and applications, e.g., a fundamental sci-
entific interest is to study the enantioselective photochemical
reactions that might be initiated by ubiquitous visible solar
light on earth [29,30], while applications are directed to the
development of magneto-optical devices such as one-way
transmission isolators driven without an additional polarizer
[31]. However, a critical issue of MChD is that it has been
very weakly detected in the visible light region. The reported
MChD is of the order of 1072—107'% for the corresponding
signal [8-14], even in a ferromagnet where H = 1.2 T was
applied [9].

In this work, we demonstrate strong MChD for visible
light emission through a strategic molecular design based
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on the microscopic mechanism, in which MChD is de-
scribed as the interference effect between electric dipole (E'1)
transition and magnetic dipole (M1) transition. The strong
MChD signal was observed in paramagnetic chiral enan-
tiomers of Tb>* complexes with a large magnetic moment and
a relatively highly symmetrical nona-coordinated geometry,
[Tb(LSS/RR),1X; (LSS/RR = § or R-1-(2-naphthyl)ethylamine;
X = CF3S05™, 15%/RR.Th; C10,~, 1'5S/RR_Tb) [Figs. 1(a),
1(b), and Figs. S1, S2, and S3 in the Supplemental Mate-
rial [41]). Compounds 155/RR.Tb reveal a significant MChD
signal of ~6% difference of the luminescence intensity at
H = 1T, and finally, the signal reaches ~16% at H = 14T,
exhibiting similar development with the magnetization orig-
inating from Tb** with J = 6 in the applied external mag-
netic field. This MChD of 15%/RR_Tb is compared with those
of isostructural Eu’*t complexes [Eu(LSS/RR);]1(CF3S03);
(15%/RR_Eu) with J =0 and another type of Tb**/Eu’*t
complex with lower symmetrical local Tb**/Eu** coordi-
nation geometries [Figs. 1(c) and 3(b)]. The comparison of
MChD signals have demonstrated that the observation of
strong MChD is ascribed to a combination of two effects:
(i) Zeeman splitting for M, states in Tb3* with J # 0; and
(ii) a suppression of electric dipole transition (E'1) by tuning
the degree of inversion symmetry breaking in the local Tb**+
coordination geometry.

II. EXPERIMENTAL

A. Synthesis of chiral lanthanide complexes

The enantiomer complexes 15%/RR.Th and 155/RR T,
which have different counter anions, CF;SO3~ and ClO4 ™,
were synthesized following a reported method for Eu com-
pounds using Tb(CF3SO3)3 and Tb(ClO4)3, respectively [32].
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FIG. 1. Molecular structure of chiral lanthanide(III) complexes.
(a) Schematic illustration of chiral ligands LSS and LRR. The asterisks
represent asymmetric carbons. Enantiomer structures of chiral lan-
thanide (Ln = Tb, Eu) complexes of (b) 155/RR_Ly and (c) 24/'-Ln,
where bluish green, red, blue, grey, and yellowish green represent Ln,
O, N, C, and F, respectively. Hydrogen atoms are omitted for clarity.

The enantiopure chiral ligands L5/RR [Fig. 1(a)] were pre-
pared according to the method in Ref. [32]. To investigate the
relationship between MChD and the magnetic ground state
of lanthanide metal with J # 0 (J/ = 6 for Tb>* with Fy),
isostructural analogues of Eu** (15%/RR.Eu) with a nonmag-
netic ground state (J = 0 for Eu’t with "F,) were also pre-
pared for comparison. In addition, to investigate the correla-
tion between MChD and the symmetry of metal-around local
coordination geometry (i.e., first coordination area for the
metal center), another type of chiral Tb>*/Eu** complex com-
posed of three sets of 3-trifluoroacetyl-d /I-camphorato (d /-
tfc) and one 1,10-phenanthroline (phen), [Ln(d /I-tfc);(phen)]
(Ln = Tb, 24/'.Th; Eu, 2¢/*-Eu) was also prepared according
to the previously reported procedures for Eu compounds
[Fig. 1(c)] [33-35]. The basic molecular structure of lan-
thanide complex in the series 15%/RR.Ln was confirmed by
single crystal x-ray diffraction analyses on 1'55/RR_Th (Tables
S1 and S2 in the Supplemental Material [41]), to compare with
the structures of [Eu(LSS/RR);](Cl0,); reported previously
[32]. 24/'-Tb and 2¢/'-Eu were also structurally characterized
(Tables S3, S4, and Fig. S4 in the Supplemental Material).

B. MChD measurement for luminescence
in the visible light region

The measurements of MChD in luminescence were con-
ducted for chiral terbium(IIl) and europium(IIl) complexes,
which were dispersed in polymethyl methacrylate (PMMA)
films. The film samples were placed in a cryostat equipped
with a 15 T superconducting magnet at the High Field Lab-
oratory for Superconducting Materials at Tohoku University
(Fig. S5 in the Supplemental Material). Unpolarized ultravio-
let (UV) light (A < 400nm) from a Xe lamp (Asahi Spectra
MAX 301), in which the visible light component was cut
by a mirror module and longpass filters, was focused on
the sample for excitation of electronic states. The emitted
light was collected in an optical fiber, which was set parallel
to the direction of applied magnetic field. The intensity of
emitted light was recorded by a spectrometer (Horiba JOBIN
YVON iHR550) equipped with a CCD detector (ANDOR
iDus DV401A). The magnetic field (H) was applied parallel
or antiparallel to the propagation vector (k) of the emitted
light (Fig. S5 in the Supplemental Material).

III. RESULTS AND DISCUSSION

A. Structural analysis

Enantiomer complexes of both 1'°5-Tb and 1'*®-Tb crys-
tallize in the monoclinic space group P2; (Tables S1, S2,
Figs. S2, and S3 in the Supplemental Material). Three chi-
ral O-N-O trident ligands (L5%/RR) isotropically coordinate
with the Tb>* ion, producing a relatively highly symmetrical
nona-coordinated geometry, where the O-N-O coordinating
atoms are composed of the central pyridine nitrogen atom
and adjacent two oxygen atoms from the carboxamide group
[Fig. 1(b)], and the complex molecules in 1'55-Tb and 1'®R-
Tbh were isolated with A and A geometrical isomers, re-
spectively (Fig. S1 in the Supplemental Material). Notably,
1'55/RR_Th were isostructural with their Eu*t derivatives
[32].

Enantiomer complexes of both 2¢-Tb and 2!-Tb crystallize
in the orthorhombic space group P2,2,2; (Tables S3 and
S4 in the Supplemental Material). 2¢//-Tb is composed of
heteroleptic ligands, three d/I-tfc and one phen [Fig. 1(c)],
and the crystal field potential at Tb3*-site is greatly deformed
from the symmetric one compared with that of 155/RR.Tb
[Figs. 1(b) and 3(a)] due to the presence of phen ligand
[Figs. 1(c) and 3(b)]. The crystal structure of 2¢//-Eu was con-
firmed to be isostructural with that of 2¢//-Tb by measuring
powder x-ray diffraction patterns (Fig. S4 in the Supplemental
Material).

B. Magnetic characteristics

Reflecting the ground states of Tb** and Eu®", contrasting
magnetic behavior was observed between 155-Tb and 155-Eu
complexes. Figure 2(a) shows the temperature (7)) depen-
dence of the magnetic susceptibilities () of 155-Tb and 155-
Eu. The magnetic susceptibility of 155-Tb, the ground state
of which has a magnetic moment originated from J = 6 (Fy),
increases with lowering temperature, while that of 155-Eu dis-
plays almost temperature independent behavior with a small
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FIG. 2. (a) Temperature dependence of magnetic susceptibility
(x) of 155-Tb (green circles) and 15-Eu (red circles) in 0.1 T. The
inset magnifies the high temperature range of . (b) Temperature
dependences of x7 for 155-Tb (green circles) and 155-Eu (red
circles).

paramagnetic moment [Fig. 2(a)]. The xT values of 155-Tb
and 155-Eu at 300 K are 11.56cm> and 0.84 cm® K mol~!,
respectively [Fig. 2(b)]. Compound 155-Tb exhibits a Curie
constant value close to 11.82cm?® K mol~! for the magnetic
moment of J = 6 in Tb>t (’F;), which is calculated by using
the Landé g factor, g = 3/2. Since the ground state of Eu®™ is
nonmagnetic with J = 0 (Fy), the observed small and temper-
ature independent paramagnetic moment in 155-Eu could be
ascribed to the Van Vleck paramagnetism, which is induced
by mixing the excited paramagnetic states of J # 0 to the
nonmagnetic ground state of / = 0 in the magnetic field.

C. Luminescence spectroscopy

Figures 3(c) and 3(d) display the luminescence spectra of
155-/29.Tb and 155-/29-Eu at 0 T, respectively. The exci-
tation for luminescence was carried out by irradiating a UV
light (A < 400 nm) corresponding to a characteristic band for
the ligand LSS/RR (Fig. S6 in the Supplemental Material),
d/l-tfc, and phen, which enable the mediation of photon
energy transfer to Tb3*/Eu’*. The visible light emission
developed in both 155-Tb and 15%-Eu by measuring at a
low temperature of 77 K, rather than at room temperature
(Fig. S7 in the Supplemental Material). Comparing the lumi-
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FIG. 3. The atomic coordination structures in the first coordina-
tion area around lanthanide ions (Ln**) and luminescence spectra
of them. The atomic coordination structures in the first coordination
area around Ln>* in (a) 15-Ln and (b) 2¢-Ln. Luminescence spectra
of () 155-Tb at 5K and 2¢-Tb at 4.3 Kin H = 0T and (d) 155-Eu at
5Kand2¢-Euat42KinH = 0T. E1 and M1 represent an electric
dipole active and a magnetic dipole active transitions, respectively.
(e) Schematic figures of light emission processes in Tb** and Eu**
ions. The red and blue arrows represent £1 and M1 transitions,
respectively. In Tb**, within the approximation of the selection rules,
Dy — 'F; (J =3, 4, 5) are both active for E1 and M1 transitions.
D, — "Fy is only active for E1 transition. In europium(III), within
the approximation of the selection rules, Dy — 'F, and Dy — 'F,
are only active for M1 and E'1 transitions, respectively.

nescence spectra of 155-Tb/155-Eu in methanol and PMMA,
the effect of the matrix was hardly observed (Fig. S8 in the
Supplemental Material). Four luminescence bands for 135-Tb
(Ag ~ 495, A5 ~ 545, 14 ~ 590, and A3 ~ 620 nm) and two
luminescence bands for 155-Eu (1, ~ 595 and A, ~ 615nm)
were observed with fine structures related to the crystal-field
splitting [Figs. 3(c) and 3(d)], which were assigned to the f—f
transitions of °Dy — F; (J = 6, 5, 4, 3) in Tb*>*, and those of
Dy — 'F; (J =1, 2) in Eu*, respectively [Fig. 3(e)] [36].
In a noncentrosymmetric crystal field, the selection rule for
electric dipole (E'1) transition of f electrons between J and
J' states in a lanthanide ion is given by the Judd-Ofelt theory:
IAJ|=|J —J| <6forJand J' # 0, and |AJ| = 2, 4, 6 for
J or J/ = 0 [37,38]. On the other hand, the selection rule for
magnetic dipole (M 1) transition is AJ = %1, 0 except for the
case J = J' = 0, which is the forbidden process [39]. Based
on these selection rules, in Tbt, the °D, — ’F transitions are
the only E1 allowed process and the "Dy — F; (J = 5, 4, 3)
transitions are both E'1 and M1 allowed processes [Fig. 3(e)].
In Eu®*, Dy — F, and °Dy — F, transitions are the only M 1
allowed process and the only E 1 allowed process, respectively
[Fig. 3(e)]. For these luminescence bands, the circularly polar-
ized luminescence (CPL) was measured to confirm the chiral
environments at the Ln coordinating sites in 155/RR.Tb and
155/RR_Eq (Fig. S9 in the Supplemental Material).
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and blue lines, respectively. MChD spectra of 2?-Ln and 2!-Ln at
1 T are represented by black and orange lines, respectively. The
spectral intensities are normalized by the maximum values of each
luminescence spectrum.

D. MChD for luminescence in the visible light region

The luminescence measurements under magnetic fields
(H) for the detection of MChD were conducted in a Faraday
configuration, in which H was applied parallel or antiparallel
to the emitted light propagating vector (k) (Fig. S5 in the
Supplemental Material). By reversing the direction of H,
while keeping the k direction fixed, the relative direction of
k to H, k - H, is switched between parallel and antiparallel
configurations. Figures 4(a) and 4(b) show the luminescence
spectra (I) in the magnetic field and the difference spectra
of the luminescence intensity (Al) between the opposite
directions of H, namely, H = 1T at 5 K for 18S/RR_Th and
155/RR_Eq, respectively. I and Al are defined as the averaged
luminescence intensity under a magnetic field £H (i.e., I =
{I(+H) + I(—H)}/2) and the change in the luminescence
intensity with the reversal of H (i.e., Al = I(+H) — I(—H)),
respectively. In the luminescence difference spectra of both
155-Tb and 1%5-Eu, nonzero AI signals clearly appear, in-
dicating the k - H dependence of luminescence intensity. In
addition, the sign reversal of Al was demonstrated in the
enantiomer pairs of Tb’* and Eu** (155-Tb/1RR.Tb and
15S-Eu/1RR-Eu). These MChD detections were confirmed
in all the transitions Dy — F; (J =6, 5, 4, 3) in Tb**+
(185/RR_Th) and Dy — "F; (J = 1, 2) in Eu**T (155/RR_Eq).
Importantly, the MChD is much stronger in the Tb3* system
than the Eu®* system [Figs. 4(a) and 4(b)]. The maximum
peak magnitudes of AI/I at H=1T in 15%/RR.Tb and
15S/RR_Ey are about 6 x 1072 (~6%) and 3 x 1073 (~0.3%),
respectively. For comparison, we also measured MChD for
the Eu’t complex [Eu(d-tfc);] (d-tfc = 3-trifluoroacetyl-d-
camphorato), reported previously by Rikken et al. [8] at simi-
lar condition with 155/RR.Th/Eu (at H = 1 Tand T = 4.2K).

FIG. 5. Magnetic field dependence of MChD signal in lumines-
cence. (a) Magnetic field dependence of MChD spectra of 155-Tb at
5 K. The °D, — Fs band, which shows the strongest MChD signal
in 155-Tb, is displayed. (b) Magnetic field dependence of |Al/I| at
542.3 nm (open circles) and magnetization (M) of 155-Tb (green
line) at 5 K. The red diamond represents the previously reported
maximum luminescence MChD signal for the visible light region
in the literature (Ref. [8]). (c) Magnetic field dependence of MChD
spectra of 155-Eu at 5 K. The Dy — 'F, band is displayed. (d)
Magnetic field dependence of |Al/I| at 613.1 nm (open squares) and
M of 155-Eu (red line) at 5 K. The inset displays the magnified figure.

However, the A value could not be detected (Fig. S10 in the
Supplemental Material), possibly due to a detection limit of
the present nonphase-sensitive method using a DC magnetic
field (Fig. S5 in the Supplemental Material).

Figure 5(a) shows the magnetic field dependence of the
normalized MChD signal (Al /I) at 5 K for D, — 'Fs with the
strongest MChD intensity in 155-Tb (the spectra for the whole
wavelength range is displayed in Fig. S11 in the Supplemental
Material). The magnitude of the MChD signal develops with
increasing H and Fig. 5(b) depicts a plot of Al/I at 542.3
nm vs H for 155-Tb. The MChD signal of 155-Tb gradually
increases and almost saturates at H ~ 10T. At H = 14T,
the MChD signal reaches up to about 0.16 (~16%) of the
corresponding luminescence intensity. Notably, this H depen-
dence of Al/I follows the H dependence of the magnetization
(M) for 155-Tb, i.e., Brillouin function-like paramagnetic
behavior of Tb**-centered complex with J = 6 [green line
of Fig. 5(b)]). The MChD is microscopically described as
an interference effect between electric dipole (£1) and mag-
netic dipole (M 1) transitions in the ultraviolet-visible-infrared
light region [7,17,19] (See Appendix A). From the micro-
scopic viewpoint, the H dependence of MChD signals on
the f—f emissions originates from J-multiplet states (M; =
J, J—1,---, —=J + 1, —J) involving in the light emission
process as the initial/final state [7]. These J-multiplet states
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should be reflected in MChD signals through the occupancy
distribution in their Zeeman splitting (2J + 1) state, as in the
generation of magnetization, because the MChD signals from
the two states with opposite sign of M, cancel out each other
(See Appendix B). Considering that the ground state of Tb*
(’Fs), which gives the magnetization, is not the final state in
the now focused luminescence band in Fig. 5(a) Dy — Fs)
[Fig. 3(e)], the origin of the saturating H dependence of the
M-like MChD signal seems to be ascribed to occupancy dis-
tribution of the excited light emission state (°Dy4) with nonzero
J value (J = 4). It might be correlated with that of the ground
state ('Fy) in the energy transfer process from antenna ligands,
LSS, to Tb*>* [36]. The similar H dependence of the MChD
signal with M is also observed in the Eu** system (155-Eu)
[Figs. 5(c) and 5(d)]. Also in the Eu** system, since the
ground state of Eu’t ('F) is not the final state in the focused
luminescence band in Fig. 5(c) Dy — F») [Fig. 3(e)], the
similar H dependence of the MChD signal with M, which
reflects the nonmagnetic ground state (’Fy with J = 0), might
arise from the nonmagnetic excited light emission state (°Dy
with J = 0). In the nonmagnetic state of J = 0 without elec-
tronic states mixing, since no Zeeman splitting is induced by
the magnetic field, the intensity of the MChD signal should be
suppressed.

The observation of strong MChD of 15%/RR.Tb is thus
partly due to the contribution of the occupancy distribution
of the Zeeman splitting states produced by M; of the Tb3*+
ion with J # 0, but it should also be associated with the
symmetrical nature of local coordination geometry around the
Tb* ion. The isostructural series [Ln(d /I-tfc);(phen)] (Ln =
Tb, 2¢/'.Tb; Eu, 2¢/'-Eu) has a distorted octa-coordinated
geometry with three chiral O;O bidentate d/I-tfc ligands and
one N;N bidentate phen ligand [Figs. 1(c) and 3(b)], the
local crystal field potential at the Ln>* site for which should
be greatly deformed from that in 15%/RR.Th/Eu [Figs. 1(b)
and 3(a)]. The maximum peak value of AI/I for 2¢/'-Tb
at H =1T is about 1—2 x 1072 (1—-2%) [Fig. 4(c)], while
that for 2¢//-Eu was hardly observed [Fig. 4(d)]. Thus, the
integrated intensity of |AI/I| at each band of 2¢//-Tb is much
smaller than that in 15%/RR.Th. The magnetization value of
29.Tb at H = 1T is similar to that of 155-Tb (Fig. S12 in the
Supplemental Material), indicating that the stronger MChD
intensity in 155-Tb than 2¢-Tb is not ascribed to the differ-
ence of magnetization. So, the intensity difference of MChD
signals between these Tb** complexes could be attributed to
the difference of the first coordination area around Tb**: the
degree of the inversion symmetry breaking at the Tb** site
(vide infra).

In the microscopic description based on the E1-M1 inter-
ference mechanism, the magnitude of MChD (] Al/1]) should
be maximized when the M1 transition is the same degree as
the E1 transition, i.e., [M1| = |E1| (See Appendix A) [31],
while a number of electronic transitions, such as charge trans-
fer transition between metal and ligands and w-7* transition
in chiral transition metal complexes, have the relationship
|[E1| > |M1|, which is a disadvantage for strong MChD.
Here, |E'1| and |[M 1] represent the magnitude of E'1 transition
and M1 transition, respectively.

Meanwhile, in the case of f—f transitions in chiral lan-
thanide complexes, the M1 transition is fully allowed, whereas

the E'1 transition is weakly allowed by a noncentrosymmetric
crystal field, i.e., possibly allowing a situation closer to the
favorable condition for strong MChD; [M1| & |E1|. This is
one of the critical reasons why chiral lanthanide complexes
were chosen in Rikken’s first report [8] and in this work.
However, even in inversion symmetry-broken chiral f-orbital
metal complexes, the deviation from the centrosymmetric
crystal field around a metal ion remains as a tunable key
factor to modulate the E1 transition strength. In the f—f
transitions of lanthanide complexes, we can experimentally
evaluate the degree of inversion symmetry breaking at the
lanthanide site through a comparison of the luminescence
spectra of Eu complexes 135-Eu and 2¢-Eu, which exhibit two
characteristic bands of Dy — "F} (~595nm) and Dy — 'F>
(~615 nm) [Fig. 3(d)], corresponding to M 1- and E 1-allowed
processes, respectively [Figs. 3(d) and 3(e)] [37-39]. Because
the M1 transition is independent of the inversion symmetry
breaking, the ratio of the spectral intensities between the
Dy — "B (E1) and the Dy — "F; (M1) transitions, R =
1Dy — "F)/I(Dy — 'F}), is often used for understanding
the degree of inversion symmetry breaking at the Eu®" site
[40]. The R value of 155-Eu(R ~ 1.0) is much smaller than
that of 2¢-Eu(R ~ 13.6) [Fig. 3(d)], indicating that 155-Eu
has an environment with smaller inversion symmetry breaking
(i.e., relatively higher symmetry) at the Eu’* site than 2¢-
Eu. Considering the isostructural forms of the corresponding
Tb** complexes (Fig. S4 in the Supplemental Material), the
symmetry breaking at the Tb>* site in 155-Tb could be smaller
than in 29-Tb: 155-Tb has a relatively higher symmetrical
geometry around the Tb** center than 2¢-Tb. Thus, the E1
transition is suppressed in 155-Tb: this situation is much
closer to the ideal relationship for strong MChD; |M1| =
|E'1]. In fact, reflecting this situation, the strength of MChD of
155-Tb is remarkably improved compared with that of 2¢-Th
[Figs. 4(a) and 4(c)]. Consequently, the duplicate effects of (i)
J # 0 and (ii) smaller inversion-symmetry breaking at the Ln
center, which are adequate only for 155-Tb, were effective for
the observation of strong MChD.

IV. SUMMARY

In summary, strong MChD for light emissions in the visible
light region was detected in the chiral Tb3* complex 155-
Tb, which reaches approximately 16% of the luminescence
intensity at H = 14 T with developing magnetization. In ad-
dition to the advantage of a large magnetic moment with
the J # O state, the degree of inversion symmetry breaking
at the Ln metal coordinating area is very important to gain
stronger MChD signals. These clear strategies, (i) J # 0 and
(i) smaller inversion symmetry breaking at the Ln center
(i.e., the symmetry of a first coordination area), may lead to
the design principles of chiral Ln complexes exhibiting much
stronger MChD.
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APPENDIX A: MICROSCOPIC DESCRIPTION OF MChD

From the microscopic viewpoints, MChD is described as
the interference effect between electric dipole (E'1) and either
magnetic dipole (M1) or electric quadrupole (E2) transitions
[7,19]. In particular, in the ultraviolet-visible-infrared light re-
gion, on which we are now focusing, the E'1-M 1 interference
term is considered to be dominant [17]. In such a situation,
according to Fermi’s golden rule, the light emission intensity
I, and I_ for opposite propagating direction to the magnetic
field are expressed as

L oc [(f|Hgy & Hypli)]?
= [(f1HE1 1)) + [{f|Hy li) I

(| He1 | f)(fIHu]i) + c.c.). (A1)
Here, |i) and |f) stand for the initial and the final states
in the optical transition, respectively. Hg; and Hjs are the
operators of the electric dipole and the magnetic dipole in-
teraction in electromagnetic radiation, respectively. c.c. rep-
resents the conjugate complex. |(f|Hg|i)|> and |(f|Hp |i)|?
are proportional to the probability of E1 and M1 transitions,
respectively. From Eq. (Al), the intensity of MChD signal,
Al =1, — I_, is described as

Al =1, — I o 2((|H1 | /) (fIHpmi i) +c.c). (A2)

As displayed in Eq. (A2), the magnitude of MChD is given
by the interference terms of the E1 and the M1 transitions:
(i|Hg11f){f1Hpm1li) or (i|Hgi|f)*(f|Hpm1li)*. These interfer-
ence terms can only appear in noncentrosymmetric systems,
such as chiral and polar materials, because the parity of Hg
and H), are different: Hg| and Hy;; have odd and even parity,
respectively.

The signal strength of nonreciprocal directional dichroism,
such as MChD, is usually compared using the normalized one
by the averaged luminescence intensity (I = (I +1-)/2) [8],
which is defined as

Al I —IL

—_— = A3
I U +10) (A3)

— 60=0
3t 0=n/6 .
0=m1/3
— 0=1/2

0 1
0 1 2

KF [Hpl DDAF|Hg4] )]

FIG. 6. Simulation of |Al/I| calculated by Eq. (AS).
The 6 is a phase defined by the following formula:
(i|Hy1 | f)/{f|HE i) = rexp(i@). r is the amplitude of
(W | 1Y/ (F1HE0)s r = (il Ha | £/ (f | HE1 10}

From Egs. (Al) and (A2), the normalized strength of
MChD, Al/I, is expressed as

AL 2(GIHe | f) FIHm D) 4 (I HE )1 Ha 1))

I |(f1HE1 i) 1% + |(f | Hy |i)
(f|Hp1i) (f[Hp i)
— 2(()"IHA541]I1 <f\HA;11\1 )
(f1Hm1i)
1+ fIHIZ:\t)
(f 1 )
4Re( fIHAEllllw) (Ad)
14+ f‘HMl"‘ ’
(f1HE1 i)
ALy Al
li (J, +m))
li (J, —m))
E1| 1M1 E1) 1M1

=

FIG. 7. Schematic figure of the electronic transition of MChD
for Al,,,_., and Al_,_, ;. In the initial state, |i(J, M;)), the M, states
other than those of m are omitted for clarity.
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Here, we set (i|Hy1|f)/(f|HE11i) = rexp(if) and express
Al/I as a function of r (=|{(i|Hpy1|f)/(f|HE1]i)|) and 6;

f(r,0):

Al 4r cos 6

From the condition that @ =0 and % =0, we
find that f(r, ) takes the maximum value (fMAX =2) for
r=1, 6 =0, and the minimum value (fMN = —-2) for

r =1, 8 = . Thus, the normalized magnitude of MChD,

|AI/I|, becomes maximum when |(f|Hg|i)| = |{f|Hpm1li)]
(Fig. 6). However, in most materials, since the E1 transition
moment is much stronger than the M1 transition moment,
[{(fI1HEg11D)| > |{f|Hpm1]i)|, the signal of MChD becomes very
weak, |AI/I| — O (Fig. 6).

On the other hand, in a chiral lanthanide complex, the f—f
transitions, in which the M1 transition is fully allowed and
the E'1 transition is weakly allowed by a noncentrosymmetric
crystal field, are promising candidates for observing strong
MChD because the comparable E'1 transition and the M1
transition moments are potentially realized.

J

APPENDIX B: RELATIONSHIP BETWEEN MChD SIGNAL AND MAGNETIZATION

In lanthanide complexes, a magnetic field lifts the (2J + 1) degeneracy of each J multiplet of lanthanide ion via Zeeman
energy. In the case where the energy of Zeeman splitting is smaller than the energy width of each luminescence band, the
MChD signal from the J — J’ transition, Al;_,;, should be observed as one band peak and the intensity of Al;_,; should be
approximately given by the summation of the MChD signals from the all splitting (2J + 1) states; My =J, J —1, J —2--- —
J+2, —J + 1, —J. In particular, since the MChD signal from the M; = +m state (Al,,,— ) as an initial state cancels out that
from the M; = —m state (Al ) (m=J, J—1, J—2--- > 0), the occupancy distribution for the Zeeman splitting states,
which produces magnetization, is necessary for observation of MChD (vide infra). The correlation between a MChD signal and
a magnetization would arise from the occupancy distribution for the Zeeman splitting states in a paramagnetic material with
J #0.

The relationship between Al,,_, and Al_,_, ; is given by introducing a time reversal symmetry operator, ®. From Eq. (1),
AL,y and Al_,,_,; (Fig. 7) are expressed as

+J'
AlLipsy =A Z (G M) Hgy + Hyn i), +m) | = [(F U M) He — Hyn i, +m)) ), (B
My=—T'
+J'
Al oy =A Z (U My Hgy + Hyn i, —m)) > = [(f (', Mp)|Hey — Han [i(J, =m) ). (B2)
My=—J’

_Here, A is a constant of proportionality in Eq. (Al). We express the ®-applied initial state and final state as [{) = ©|i) and
|f) = O|f), respectively. Using these expressions, Eq. (B1) is written as

+J'
Aoy =AY (FU Mp)IHgy + Hyn i, +m)) > = (', M) Hy — HyntlilJ, +m))[*)
My=-J
+J' 3 5 3 s
=A > (U Mp)|OHE: + Hy)O [i(J, +m) [ = (I, My)|OHEy — Hy)O ™ [i(J, +m))*|)
MJ/:—J,
+J' ~ ) )
=A Y ((fU, Mp)IHg — Hyi i, +m) | = (', M) Hey + Hin [i((J, +m)) ")
My=-J
+J'
=A Y ((fU, =Mp)Hgy — Hylil, =m) 1 = [(f(', =My) | Hg1 + Hyntli(J, —=m))* 1)
My=-J
+J'
=—A Y (W', Mp)Hgy + Hytlil, =m)* = (£, My Hey — Hyn [il], —m) )
My=-J
= —Al . (B3)

Here, we use the relationship that Hp" = Hg\, Hy' = Hyy, ®Hg1 07! = Hgy, ©H,;;©~! = —Hy,,, and the characteristic
of © as an antiunitary operator. From Eq. (B3), we can confirm that the MChD signal from the M; = -+m state and that from the
M; = —m state cancel out each other (Al + Al_,_; = 0). Thus, asymmetric occupancy distribution between M; = +m
and M; = —m states is necessary for the appearance of MChD.
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