
Dr. Matteo ATZORI
CNRS Researcher

matteo.atzori@lncmi.cnrs.fr

Laboratoire National des Champs Magnétiques Intenses
Grenoble - Toulouse

Magneto-Chiral Anisotropy:
From Fundamentals to Potential Applications



Outline

- Symmetry

- Ingredients for Magneto-Chiral Effects

- Electrical Magneto-Chiral Anisotropy

- Optical Magneto-Chiral Anisotropy

- Conclusions



Symmetry

- Continuous symmetries (Noether theorem): 

Time-translation invariance, t ® t+Dt Û Energy conservation

Translational invariance, r ® r+Dr Û Momentum conservation

Rotational invariance, φ ® φ+Dφ Û Angular momentum conservation

- Charge, Parity, Time reversal (CPT) symmetry: 

Charge conjugation, C, q ®- q (matter ® anti-matter) 

Parity transformation, P, r ®- r (mirror image)

Time-reversal, T, t ®- t (play movie backwards) 



CPT symmetry of a Magnetic Field B

- CPT symmetry: 

Charge conjugation, C, B ®- B (holes ® electrons) 

Parity transformation, P, B ® B (does not change) 

Time reversal, T, B ®- B (electrons flowing in opposite directions) 
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Magnetic field is a time-odd pseudo-vector



Chirality

A system is called chiral when it exists in two non-superimposable forms 
(enantiomers) that can only be interconverted by a parity operation

Chirality breaks parity (or mirror) symmetry



CPT symmetry of a Physical Entities

C P T
energy E + + +
charge q - + +
polarization P - - +
force F + - +
magnetization M - + -
light wavevector k + - -
electrical current I - - -
magnetic field B - + -
electric field E - - +
linear momentum p + - -
angular momentum L + + -



Magneto-Chiral Effects

Chirality Breaking of space-reversal
symmetry 

Magnetic
Fields B

Breaking of time-reversal
symmetry 

Third 
ingredient

𝐓

Breaking of space-reversal
(parity) symmetry 𝐏

Magneto-Chiral Anisotropy
Transport: Electrical or thermal conductivity, sound propagation, dielectric 

displacement (eMChA)

Optics: light absorption or emission for all energies of the electromagnetic 
spectrum (oMChA)



electrical Magneto-Chiral Anisotropy, eMChA

G.L.J.A. Rikken, J. Fölling, P. Wyder, Phys. Rev. Lett. 2001, 87, 236602

Chirality + Electric Current + Magnetic Field

Differential resistance of Chiral Molecular Conductors in Magnetic Field

(R,R)

(S,S)
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electrical Magneto-Chiral Anisotropy, eMChA
Bi solenoid

L and D helix

G.L.J.A. Rikken, J. Fölling, P. Wyder, Phys. Rev. Lett. 2001, 87, 236602
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electrical Magneto-Chiral Anisotropy, eMChA

G.L.J.A. Rikken and N. Avarvari, Phys. Rev. B 2019

Anzin et al, Solid State Comm. 8, 1773 (1970)

B // z : no k-linear effects

B ⊥ z : k-odd splitting

D

D

z

P3121-D43

6 10-10
𝑚2

𝑇𝐴

Experiment: 2 10-9
𝑚2

𝑇𝐴

Theory:

Tellurium wires (chiral)



electrical Magneto-Chiral Anisotropy, eMChA

F. Pop, P. Auban-Senzier, E. Canadell, G. L. J. A. Rikken, N. Avarvari, Nat. Commun. 2014, 5, 3757

eMChA in the chiral molecular conductors: (S,S)- or (R,R)-[DM-EDT-TTF]2ClO4

dimethyl-ethylenedithio-tetrathiafulvalene

Δ𝑅
𝑅 = 2γ ⁄" #𝐁 + 𝐈

eMChA
eMChA parameters

(S,S)-g (T-1 A-1) = +6 ´ 10-2

(R,R) -g (T-1 A-1) = -6 ´ 10-2



electrical Magneto-Chiral Anisotropy, eMChA
Summary of eMChA

Material DR/R [m2/TA] remark

Triglycine sulfate 3.10-5 dielectric

Rochelle salt 3.10-6 dielectric

Te 5.10-8 200 K, semiconduc.

DM-TTF-ClO4 10-10 Room T

WS2 10-10 Low T

CrNb3S6 10-12 Low T

MnSi 2.10-13 Low T

SW-Carbon Nano Tubes 10-14 Low T

Other chiral semi-conductor candidates:

Se, a-HgS, p-SnS, In2Se3, AlInSe3, GaInSe3, a- Al2S3, BaSi2, CrSi2, MoSi2, WSi2

G. L. J. A. Rikken, N. Avarvari, Nat. Commun. 2022, 13, 3564 G. L. J. A. Rikken, N. Avarvari, Phys. Rev. B 2022, 106, 224307 

*

*



Magneto-Chiral Effects in Optics

Chirality Breaking of space-reversal
symmetry 

Magnetic
Fields B

Breaking of time-reversal
symmetry 

Light 
wavevector k

Breaking of space-reversal
(parity) symmetry 

𝐓

𝐏



Interaction of Chiral Systems with 
Circularly Polarized Light

Natural Optical Activity: Natural Circular Dichroism (NCD)

Right-handed
circular polarized light

Left-handed
circular polarized light

L-alanine

𝜀 𝜆, 𝒌 = 𝜀$(𝜆) ± 𝛼 ⁄% &(𝜆)𝒌

Breaking of space-reversal symmetry by chirality leads to natural optical activity



Interaction of a system with 
Circularly Polarized Light and Magnetic Field

Magnetic Optical Activity: Magnetic Circular Dichroism (MCD)

Right-handed
circularly polarized light

Left-handed
circularly polarized light

𝜀 𝜆, 𝑩 = 𝜀$(𝜆) ± 𝛽(𝜆)𝑩

Magnetic Field

chiral or not

Breaking of time-reversal symmetry by magnetic fields leads to magnetic optical activity



True Chiral Influence on 
Chiral Systems

L. D. Barron, Chem. Soc. Rev. 1986,15, 189

𝐵 𝑘 𝐵 -𝑘

-𝐵 𝑘

Optical Magneto-Chiral Anisotropy

𝐓

𝐏

Breaking both time-reversal and mirror symmetry leads to Magneto-Chiral Anisotropy



Light-Matter Interaction of Chiral
Magnetized Systems

𝜀 𝜆, 𝒌, 𝑩 = 𝜀!(𝜆) ± 𝛼 ⁄# $(𝜆)𝒌 ± 𝛽(𝜆)𝑩 + 𝛾 ⁄# $(𝜆)𝒌 . 𝑩

L. D. Barron & J. Vrbancich Molecular Physics 1984,51, 715

Chirality

Unpolarized
Light

Magnetic
Fields

Magneto-Chiral Anisotropy: Magnetic Chiral Dichroism (MChD)



Magneto-Chiral Dichroism (MChD)

+3

+2

+1

0

-1

-2

-3     

The Light Absorption of Chiral Systems in
Magnetic Fields is enantioselective

Magnetic
Field

Magnetic
Field

Unpolarized Light
(UV-Vis-NIR) 

Weaker Absorption Stronger Absorption

D A
(c

m
-1 )

MChD Spectroscopy 

Wavelength (nm)

lmax = 690 nm

680  690  700  710  720
D L

𝐴 = 𝐴! + 𝛥𝐴 ⁄% &

𝒌 𝒌

𝑩 𝑩
D

L

𝑩 ∥ 𝒌

𝑩 ∥ 𝒌

𝛥𝐴 ⁄% & ∝ 𝑴(𝑇,𝑩)

G. Rikken and E. Raupach, Nature 1997, 390, 493



Magneto-Chiral Dichroism (MChD)
A phenomenon difficult to detect:

Experimental setup available at the LNCMI 

ü Spectral range: UV-Vis-NIR (260-
1600 nm)

ü Spectral detection: Abs and DAbs

ü T range: 290 K to 2.2 K

ü B range: up to ±6 T (…10 T)

ü B frequency: 0.04 to 1.5 Hz

ü B sweeping rate: 800-3200 Oe s-1

ü B profiles: triangular, square, 
sinusoidal

ü Detection method: Synchronous 
spectral detection during 
magnetic field sweep

ü Samples: single crystals, pellets, 
drop casted samples, thin films

g!"#$ =
A 𝑩 ↑↑ 𝒌 − A 𝑩 ↓↑ 𝒌

½ A 𝑩 ↑↑ 𝒌 + A 𝑩 ↓↑ 𝒌 	𝑩



Potential Technological Application: 

Optical read-out of magnetic data

Nature Physics 2015, 11, 7

Current Technology
o Circularly polarized light

Future Technology
ü Unpolarized light

Simpler device
No polarization

No PEM
Optical fibers

Magneto-Chiral Dichroism



EuIII

*

**

R. Sessoli, A. Rogalev et al.
Nature Physics 2015

C. Train, G. Rikken et al.
Nature Materials 2008

G. Rikken & E. Raupach
Nature 1997

M. Atzori et al., Chem.–Eur. J. 2020, 26, 9784-9791

Chiral Ln Complex

[EuIII(d/l-tfc)3]

Chiral Molecular Ferromagnet

[(D/L)-MnII(L/D)-CrIII(C2O4)3]- 

Chiral Helical Chains

[CoII(hfac)2NITPhOMe]

*

*

*

*

*

*

* *

** *

* * ***

*

*

*

CrIII

MnII

CoII

CoII

CoII

Ø Observed only in few systems
Ø Lack of systematic investigations

MChD in Chiral Molecular Systems



G. Rikken & E. Raupach Nature 1997, 390, 493

MChD probed by light emission: Luminescence of a chiral Ln complex

g'()* =
𝐼 𝑩 ↑↑ 𝒌 − 𝐼 𝑩 ↓↑ 𝒌

½ 𝐼 𝑩 ↑↑ 𝒌 + 𝐼 𝑩 ↓↑ 𝒌 	𝑩

ü First experimental evidence of MChD

ü A chiral EuIII complex with chiral ligands 
selected from the chiral pool

ü 5D0 ® 7F1 and 5D0 ® 7F2 transitions probed

MChD in Chiral Molecular Systems



R. Sessoli et al., Nature Phys. 2015, 11, 69

MChD probed by X-ray absorption: Helical CoII-radical Single-Chain Magnet

ü No signal for the Mn(II) derivative

ü Strong signal for the Co(II) derivative

ü Influence of the orbital moment on 
the intensity of MChD

ü Metal-radical 1D compounds obtained 
by spontaneous resolution 

MChD in Chiral Molecular Systems



C. Train et al., Nature Mater. 2008, 7, 729

MChD probed by Visible light absorption:
Enantiopure Chiral Ferromagnet obtained by enantioselective self-assembly

NMePr2(R)-sec-Bu+

NMePr2(S)-sec-Bu+

Control of chirality by the template cation

MnII

(NH4)3[(rac)-CrIII(C2O4)3]

MnII

(NH4)3[(rac)-CrIII(C2O4)3]

[NMePr2(R)-sec-Bu][(D)-MnII(L)-CrIII(C2O4)3]

[NMePr2(S)-sec-Bu][(L)-MnII(D)-CrIII(C2O4)3]

MChD in Chiral Molecular Systems



C. Train et al., Nature Mater. 2008, 7, 729

MChD probed by Visible light absorption:
Enantiopure Chiral Ferromagnet obtained by enantioselective self-assembly

Space Group P63

The intensity of MChD increases by a factor of 
6 passing from the paramagnetic to the 

ferromagnetic phase

MChD in Chiral Molecular Systems

[(D)-MnII(L)-CrIII(C2O4)3]-or [(L)-MnII(D)-CrIII(C2O4)3]-



1. Understand the microscopic 
physico-chemical parameters 
governing MChD 

2. Enhance the strength of MChD by 
chemical design

3. Increase the temperature at which 
this phenomenon is observed

4. Prove that MChD is a technological 
relevant optical phenomenon

My contribution to this 
Research Field



Overview of Investigated Systems 
MChD investigation in: 

Transition Metal Complexes Lanthanides Complexes Chiral Nanostructures

ü J. Am. Chem. Soc. 2019, 141, 20022

ü J. Am. Chem. Soc. 2020, 142, 13908

ü Sci. Adv. 2021, 7, eabg2859

ü J. Am. Chem. Soc. 2022, 144, 8837

ü J. Mater. Chem. C, 2022, 10, 13939

Review 
Articles

ü J. Am. Chem. Soc. 2021, 143, 2671

ü J. Am. Chem. Soc. 2022, 144, 8837

ü Angew. Chem. Int. Ed. 2022, 62, 

e202215558

ü Inorg. Chem. 2023, 62, 17583

ü J. Am. Chem. Soc. 2024, 146, 16389

ü J. Am. Chem. Soc. 2024, 146, 23624

ü Angew. Chem. Int. Ed. 2024, 63 

e202412521

ü Chem. Eur. J. 2020, 26, 9784

ü Chirality 2021, 33, 844

ü Inorg. Chem. Front. 2024, 11, 1313

&Molecular Chemistry | Reviews Showcase |

Magneto-Chiral Dichroism: A Playground for Molecular Chemists
Matteo Atzori,* Geert L. J. A. Rikken, and Cyrille Train[a]

Chem. Eur. J. 2020, 26, 9784 – 9791 ⌫ 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9784

Chemistry—A European Journal
Minireview
doi.org/10.1002/chem.202000937

ü A. Phys. Lett. 2021, 118, 251108

ü Nanoscale 2023, 15, 12095

the compounds except Fe–Cl-TPPS. Notably, the DC free base
TPPS yielded a very thin and intense band at 490 nm with exci-
tonic coupling indicative of aggregation and characterized by
the right-handed helices giving a negative band and two posi-
tive ones, and vice versa for the left-handed helices. The
g-factor of this band is higher than 10−2 (Fig. 2), indicative of a
well-organized and coupled assembly.29,49,50 A similarly large
g-factor is observed for the Soret band of DC hemin, but it is
much broader and lacks excitonic coupling. DC Cu-TPPS and
DC Fe–Cl-TPPS, also present ICD on the Soret bands with
lower g-factor values around 10−3. The ICD of Cu-TPPS is more
pronounced than Fe–Cl-TPPS, and presents excitonic coupling,
where Fe–Cl-TPPS does not. Regarding the Q-bands, DC TPPS
exhibits ICD at around 700 nm which shows a broad band
with up to two shoulders, unlike the IEx samples that have

four discrete bands of much lower intensity. Globally, the
metal TPPS compounds show low ICD intensity on the
Q-bands, becoming imperceptible for Fe–Cl-TPPS.

MCD spectra were measured under a magnetic field of ±1.6
T at room temperature for the porphyrins in solution
(Fig. SI-4†) and the DC samples (Fig. SI-5†). Regarding the
MCD of the isolated porphyrins in solution, the g values in
both the Soret and Q band region are on the order of 10−3,
except in the case of hemin, where the MCD of the Soret band
is vanishingly small. For the DC samples with helices, the data
presented in Fig. SI-5† corresponds to the CD measurements
under the external magnetic field, from which we subtracted
the CD data under B = 0, giving the purely magnetic response
of the samples. The hemin sample shows two small peaks in
the Q-band region, with a g factor of the order of 10−4, while
Cu-TPPS and Fe–Cl-TPPS show MCD only on the Soret band
(see all the MCD g-factors in green in the graph Fig. 2).
Interestingly, the MCD signal in the Q-band region for free
base TPPS is exalted for the DC samples, with a g-factor reach-
ing 10−2. Meanwhile, the MCD bands in the Soret region are
an order of magnitude smaller. Finally, none of these systems
show observable MChD signals in spite of the strong ICD and
MCD, particularly for the free TPPS DC system.

Discussion
The results presented above show that the silica nanohelices
can induce a chiroptical response from a variety of achiral por-

Fig. 3 TEM images (A, C) and their corresponding CD spectra (solid lines) and absorption spectra (dashed lines) for all the nanocomposites (B, D),
for the chiral induction strategies of ion exchange (top) and drop casting (bottom). Note that the wavelength scale in the TPPS DC spectra is
different than the others.

Fig. 4 EDS mapping of the drop casted hemin on the silica helices.
Elemental analysis of Si and Fe shows the good repartition of the Fe on
the surface of the silica. The quantification gives an atomic ratio Fe/Si of
10 at% (the same quantifications give ratios of 5 at% and 3 at% for the
IEx and covalent grafting samples respectively).

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2023
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1. MChD in heterometallic Chiral Magnets
Motivation: Increase MChD viable temperature by chemical design

K. Inoue et al. Angew. Chem. Int. Ed. 2003, 42, 4810

Chiral Prussian Blue Analogue [CrIII(CN)6][MnII((X)-pnH)(H2O)]·H2O

(X = S, R; pnH = 1,2-diaminopropane as chiral coligand)

2D-layered structure



Magnetic Properties

Tc = 38 K

Ferrimagnetic
ordering

Ms in 
agreement 

with S = 1 total 
spin ground 

state

Molecular ferrimagnet with a relatively high ordering temperature: 38 K

M. Atzori et al. J. Am. Chem. Soc. 2019, 141, 20022 

1. MChD in heterometallic Chiral Magnets



Temperature dependence of absorption in the Visible

1. MChD in heterometallic Chiral Magnets

4T2 ⇢ 4A2

2T2 ⇢ 4A2

4T1 ⇢ 4A2

CrIII d-d

MnII d-d
MMCT

M. Atzori et al. J. Am. Chem. Soc. 2019, 141, 20022 



Magneto-Chiral Optical Response: MChD

ü MChD is observed despite 
the second coordination 
sphere chiral features of 
the magnetic centers 

ü Mirror images of MChD 
observed for the two 
enantiomers

ü MChD signals arises from 
MnII, with a negligible 
orbital contribution to the 
magnetic moment but 
coordinated by the chiral 
ligand

1. MChD in heterometallic Chiral Magnets

M. Atzori et al. J. Am. Chem. Soc. 2019, 141, 20022 



Temperature dependence of MChD signals

MChD persists up to 43 K

1. MChD in heterometallic Chiral Magnets

M. Atzori et al. J. Am. Chem. Soc. 2019, 141, 20022 



Temperature and Field dependence of MChD and Magnetization

MChD signals accurately follow the magnetization as a function of T and B

1. MChD in heterometallic Chiral Magnets

M. Atzori et al. J. Am. Chem. Soc. 2019, 141, 20022 



1. MChD in heterometallic Chiral Magnets

2D layered structures 3D helical structures

M. Atzori et al. J. Mater. Chem. C 2022, 10, 13939-13945



2. MChD in Chiral Supramolecular Chains
Motivation: Correlate MChD to Magnetic Anisotropy

[MnIII(cyclam)(SO4)]ClO4·H2O
(cyclam = 1,4,8,11-tetraazacyclotetradecane)

Structure made of 1D chiral chains by spontaneous resolution

S. Mossin et al. Dalton. Trans., 2004, 632-639

MnIII

MnIII

MnIII

With: R. Sessoli, F. Santanni, 
A. Caneschi (Florence – Italy)



Magnetic Properties

Tc = 6 K

Magnetic behaviour of a canted antiferromagnet (weak ferromagnet) 

T dependence of M B dependence of M

2. MChD in Chiral Supramolecular Chains

T = 4.0 K

S. Mossin et al. Dalton. Trans., 2004, 632-639



Temperature dependence of absorption in the Visible

2. MChD in Chiral Supramolecular Chains

ü Single-crystal Visible light 
Absorption down to 4 K

ü Spin–allowed and spin–forbidden 
electronic transitions of MnIII

identified

M. Atzori et al. J. Am. Chem. Soc. 2020, 142, 13908-13916 



Magneto-Chiral Optical Response: MChD

ü Mirror MChD spectra observed for the two 
enantiomers 

ü MChD observed despite the second coordination 
sphere chiral features of the magnetic centers

ü Strong signals arises from the d-d transitions 
associated to spin-orbit character

2. MChD in Chiral Supramolecular Chains

l
(nm)

Electronic 
Transition

|DAMChD|
(cm-1 T-1)

A
(cm-1)

gMChD
SOC 

character

432 5Eg ← 5B1g 0.06(1) 1.5(5) 0.080(5) l2

467 3A2g ← 5B1g 0.03(1) 3.6(5) 0.017(5) 0

481 3Eg ← 5B1g 0.09(1) 1.4(5) 0.13(5) 4l2

530 5B2g ← 5B1g 0.21(1) 3.8(5) 0.11(5) 4l2

715 5A1g ← 5B1g 0 38.0(5) 0 0

M. Atzori et al. J. Am. Chem. Soc. 2020, 142, 13908-13916 



Temperature and Field dependence of MChD and Magnetization

MChD signals follow the T and B dependence of  M and reproduce the 
strong magnetic anisotropy of the system

2. MChD in Chiral Supramolecular Chains

M. Atzori et al. J. Am. Chem. Soc. 2020, 142, 13908-13916 



M. Atzori et al. Sci. Adv. 2021, 7, eabg2859

3. MChD in Enantiopure Magnetic Complexes
Motivation: Understand the microscopic parameters governing MChD

[MII(en)3](NO3)2 (en = ethylenediamine, M = NiII, CoII) 

[NiII(en)3](NO3)2

ü Enantiopure L and D complexes
obtained by spontaneous 
resolution

ü Large and optical transparent 
single crystals

ü Isolated metal centers: only MII

d-d transitions probed

ü Paramagnetic behavior

ü Intense NCD at the metal center
With: E. Hillard, P. Rosa

(ICMCB, Univ. Bordeaux)



3. MChD in Enantiopure Magnetic Complexes

NiII CoII

MChD data as a 
function of the 

temperature
compared to optical 

absorption and 
Natural Circular 

Dichroism

ü Linear variation of DAMChD
with B (low fields)

ü Linear variation of DAMChD
with 1/T (Curie Law)

M. Atzori et al. Sci. Adv. 2021, 7, eabg2859



3. MChD in Enantiopure Magnetic Complexes
MChD measurements as a function of the crystal orientation

axial orthoaxial

M. Atzori et al. Sci. Adv. 2021, 7, eabg2859



3. MChD in Enantiopure Magnetic Complexes
Experimental and Calculated MChD spectra

Electric dipole-magnetic dipole

Electric dipole-electric quadrupole

Collaboration with

Prof. J. Autschbach
U.S.A.

M. Atzori et al. Sci. Adv. 2021, 7, eabg2859

Based on MChD Theory
Barron and Vbranchich, 1984



4. MChD in Chiral Ytterbium Complexes

Motivation: Correlate MChD to the character of electronic transitions

[[YbIII((X)-L)(hfac)3] (X = P, M)

J. Am. Chem. Soc. 2021, 143, 2671–2675 

2F5/2 ← 2F7/2 

L D

With: F. Pointillart, J. Crassous, 
B. Le Guennic (Univ. Rennes)



First Observation of MChD through Light Absorption in Lanthanides

ü One well-defined f-f
electronic transition 
with |DJ| = 1 

ü Absorption spectrum 
split by Crystal Field and 
Vibronic Coupling

ü Strong signal associated 
to to the high SOC, local 
chirality and MD 
character of the 
electronic transition

4. MChD in Chiral Ytterbium Complexes

J. Am. Chem. Soc. 2021, 143, 2671–2675 



Temperature and Field dependence of MChD

4. MChD in Chiral Ytterbium Complexes

J. Am. Chem. Soc. 2021, 143, 2671–2675 

𝛥𝐴 ⁄% & ∝ 𝑴(𝑇,𝑩)



Temperature dependence of MChD signals

A and C MChD terms and T dependence as predicted by MChD theory

C term A term

∝
1
𝑇

Boltzmann 
Population

(ground state)

𝑇
𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡

Zeeman Splitting 
of applied Field

(ground and excited 
states)

4. MChD in Chiral Ytterbium Complexes

J. Am. Chem. Soc. 2021, 143, 2671–2675 



Theoretical calculations

Unpublished Results

The main MChD signal is associated with the lowest energy 0Õ Ω 0 transition. The reader
should recall from Figure 3.18.a that the 1Õ Ω 0 and 2Õ Ω 0 transitions have contributions from
vibronic coupling. This could explain the lower intensities and broader MChD signals for these
transitions.

Figure 6.5 : Field dependence of �AMChD for [Yb(hfac)3(M≠H6bpy)] and at B = 0.860 T for
[Yb(hfac)3(P≠H6bpy)] at 4K. Reported from [33].

The MChD signal at 980 nm was enough intense to be detected up to 150K even when a low
magnetic field is applied. Thereby, MChD measurements were performed at B = ±0.860 T to
study the temperature dependence (4.0≠150K) of �AMChD for both enantiomers. Interestingly,
the temperature evolution of the MChD signal changes from an absorption-like lineshape at low
temperatures to a derivative-like lineshape at high temperatures. That allowed for the first time
to identify and disentangle two intrinsic mechanisms at the basis of MChD in the NIR range.
The former is associated with C terms, whereas the latter is associated with A terms. Indeed,
Figure 6.6 unravels the contributions of the A- and C terms by spectral multiple regression
fitting over the whole temperature range and their temperature dependence. A 1/T dependence
is for the C terms, while the A terms are essentially independent, as predicted by theory.

Implementation of the A terms.

Experiment reveals a contribution from A- and C terms. Thus, it was necessary to write out
a code to take into account the contribution of the A terms in MChD, considering the work
already done by the Autschbach’s team. For the description of the MChD of the Ni(II) complex,
his team already implemented a procedure to evaluate the C terms. Whereas, the expected
signal measured for [Yb(hfac)3(X≠H6bpy)] complexes corresponds theoretically to the following
equation, expressed in atomic units (au) (cf. box), based on the Eq. 6.40:

nÕøø ≠nÕø¿ ¥ 2 µ0 c NBz

3

A

2(Ê2

jn +Ê2)fgA(G)≠4 Êjn ÊfgA(AÕ)+Êjn g
C(G)
kBT

≠Êg
C(AÕ)
kBT

B

(6.42)
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ally fully optimised, keeping the first coordination sphere fixed. SA-CAS(13,7)PT2/RASSI-SO
calculations were then carried out for the four complexes. Throughout the calculations, the
relative orientation of the four complexes was maintained. Therefore, to simulate the MChD of
the crystal of [Yb(hfac)3(P≠H6bpy)], all the calculated quantities of MChD were averaged for
the four complexes. The resulting MChD spectra are shown in Figure 6.7. It can be seen that
the di�erence in absorption index nÕøø ≠ nÕø¿ is evaluated along one given axis of the Cartesian
space. The labels a, b and c can be kept to describe the axes. They coincide with the coordinate
axes –, — and “ of the complexes retained in the calculations. Therefore, Figure 6.7 shows
the simulated MChD signal along the three axes and with the average of them denoted as the
isotropic signal. The non-averaged MChD signal for the four di�erent calculated orientations of
the [Yb(hfac)3(P≠H6bpy)] complex can be examined in Figure 6.8. It is clear that the isotropic
signal is what it should be: isotropic. Looking along a particular axis shows the clear depend-
ence of the MChD signal on the relative orientation of the complex for the oriented di�erence
in the absorption index. The average taken over the four orientations of the complex in the
unit cell to mimic the environment of the crystal appeared to be essential. On this basis, the
simulated MChD spectrum along the b-axis is the most meaningful. In fact, the experimental
MChD spectrum (Figure 6.5) was recorded with the relative orientation of the light beam (k)
and the external magnetic field (B) alongside in the direction of this b-axis.

Figure 6.7 : Averaged MChD spectra on the four orientations of the [Yb(hfac)3(P≠H6bpy)] complex in
the unit cell. Simulations carried out along the three directions of the Cartesian space (called a, b and
c) and averaged to lead to an isotropic signal. Calculations did at SA-CAS(13,7)PT2/RASSI-SO level.
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SA-CAS(13,7)PT2/RASSI-SO 
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Very good 
agreement with 
the experiments
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two orientations (Figure 6.8.b and 6.8.c along the b-axis) which reduce the overall dominant
positive band originating in the other two orientations (Figure 6.8.a and Figure 6.8.d along the
b-axis). Therefore, the description of this band is more di�cult to obtain than the other two.
Vibronic coupling has been attributed to explain the lower intensities and the broadening of the
MChD bands for these transitions. It has not been taken into account in this theoretical study.
Although it was considered and required to describe the MChD spectrum of the Ni(II) complex,
it can also be noted that the results were unsuccessful for the Co(II) version. The approach
used by Autschbach et al. to take into account the vibronic coupling is not straightforward and
the improvement is not guaranteed. Given the already good agreement, with a non-quantitative
objective, no further improvements in the modelling were made. Deep analysis is performed on
the averaged MChD signal simulated along the b axis at the SA-CAS(13,7)PT2/RASSI-SO level
of theory in the following.

Figure 6.9 : Averaged MChD spectra on the four orientations of the [Yb(hfac)3(P≠H6bpy)] complex in
the unit cell along the b-axis. Simulated spectra include the contribution from A terms and C terms (blue),
from C terms only (green) and from A terms only (red). Calculations did at SA-CAS(13,7)PT2/RASSI-
SO level.

One interest of the theoretical calculations is the inherent decomposition of the MChD signal
into the di�erent A terms and C terms. Such decomposition of the whole simulated spectrum
is made in Figure 6.9. It emerged that the MChD signal is driven by the C terms and that
the A terms, although present, do not appear to be significant in the generated MChD signal.
The analysis can be extended and the C terms can be decomposed into their contribution from
the real part of the ED-MD dynamic optical tensor G–— and the imaginary part of the ED-EQ
dynamic optical tensor AÕ

–,—“ (Eq. 6.16 and 6.39). Such a decomposition is shown in Figure
6.10.a. It shows that the C terms themselves are dominated by the C(G) term, i.e. the ED-MD
interactions. The reader can recall that it was also observed for the MChD spectrum of the
[Ni(dae)3]2+ complex.24 Such a decomposition can also be done for the A terms and leads to
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Based on MChD Theory
Barron and Vbranchich, 1984
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Strong MChD, detectable up to room temperature

gMChD of 0.20 T-1 at T = 4.0 K 
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g!"#$ =

A 𝑩 ↑↑ 𝒌 − A 𝑩 ↓↑ 𝒌
½ A 𝑩 ↑↑ 𝒌 + A 𝑩 ↓↑ 𝒌 	𝑩



Room temperature MChD

Low temperature MChD C term and room temperature MChD A term
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Magnetic Field dependence of MChD
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Key-role of magnetic-dipole allowed transitions
unambiguously determined 
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Optical Readout of Single-Molecule Magnetic 
Memories using Unpolarized Light
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dysprosium salt and counterion. Note that an additional base
reagent N,N-dimethylethanolamine was used in the present
work for acquiring high-quality crystals suitable for single-
crystal X-ray diffraction. Their enantiomeric relationship was
proved by the completely inverse CD spectra recorded in
CH2Cl2 (Figure S2). The phase purity was confirmed by
powder X-ray diffraction (Figures S3−S4). They both
crystallized in the polar space group C2 with one chiral D6h
local symmetry mononuclear dysprosium cation within the

asymmetric unit (Tables S1 and S7), showing possible
applications toward magnetoelectric materials.26,27 As ex-
pected, these two compounds both possess a rigid skeleton
with a relatively flat equatorial plane, leading to a high
decomposition temperature of 280 °C (1) and 287 °C (2)
(Figures 1 and S5). As shown in Tables S3 and S5, they exhibit
little difference in the important crystallographic structural
parameters. The axial Dy−O bond distances are 2.124(6) and
2.139(7) Å for 1, and 2.122(6) and 2.147(6) Å for 2. The O−
Dy−O angles are 178.3(3)° and 177.9(3)° for 1 and 2,
respectively. Note that the Dy−N bond distances ranging from
2.658(8) to 2.744(7) Å in 1 and 2.664(7) to 2.736(5) Å in 2
are relatively long implying the weak interaction between
Dy(III) and neutral N donors. Additionally, the minimum
Dy(III)···Dy(III) distance within the lattice is 11.6895(14) Å
for 1 and 11.6919(10) Å for 2, respectively, suggesting the
negligible direct and superexchange magnetic interactions
(Figures S6−S7)
At room temperature, the values of χMT (χM is molar

magnetic susceptibility) for 1 and 2 are 14.01 and 14.13 cm3 K
mol−1, respectively, close to the theoretical value of 14.17 cm3

K mol−1 for a isolated Dy(III) ion (g = 4/3, 6H15/2, S = 5/2, L
= 5). Upon decreasing the temperature, their χMT values
slightly decrease followed by a sudden drop at low temperature
(Figures S8−S9) indicating the presence of large crystal field
(CF) splittings. The field (H) dependent magnetization (M)
curves show that the respective magnetization at 1.9 K
saturates at 5.75 μB for 1 and 5.72 μB for 2. Both values are
close to 5.0 μB suggesting the pure Ising system (mJ = ±15/2,
geff,z = 20.0). In addition, an obvious sigmoidal shape of the
plot at low field was observed for both compounds due to the
interactions between highly anisotropic magnetic ions (Figures
S10−S11).28,29
The dynamic magnetic relaxation in 1 and 2 was probed by

ac magnetic susceptibility measurements using an oscillating
field of 3 Oe in zero applied dc field (Figures 2 and S12−S15).
High-temperature slow relaxation of magnetization was
confirmed by their frequency-dependent out-of-phase ac
susceptibility signals χ″(ν), which show well-defined maxima
both up to 94 K. In order to observe the peaks of χ″(ν) plots at

Scheme 1. Synthetic Routes for [(CpiPr5)Dy(Cp*)]
[B(C6F5)4] (upper), [Dy(LN6)(Ph3SiO)2][BPh4] (middle),
and RRRR-Dy-D6hF12 (1), SSSS-Dy-D6hF12 (2) (bottom)

Figure 1. Molecular structures of the cation shown along the crystallographic b axis (upper) and c axis (bottom) of [Dy(LN6)(Ph3SiO)2][BPh4]
(left),21 1 (middle), and 2 (right) and the enantiomeric relationship between 1 and 2. To better observe the structure of equatorial plane, axial
ligand Ph3SiO

− was omitted: olive green, Dy(III); orange, Si; fluorescent green, F; blue, N; red, O; black, C. Thermal ellipsoids set at 50%
probability, and hydrogen atoms omitted for clarity.
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low temperature, we extend the low-frequency limit of the
measurement to 0.05 Hz (Figures S12 and S14). The magnetic
relaxation time (τ) was extracted from accurate fits of the in-
phase (χ′) and the out-of-phase (χ″) ac susceptibilities to a
generalized Debye model using CC-FIT2.30 In 1, we observe
two pseudolinear dependence of the relaxation time on
temperature from ln τ(T−1) plot in the temperature range of
76−94 K and 40−76 K, corresponding to the Orbach and
Raman regimes, respectively. Therefore, these data were fitted
by the equation ln(τ) = −ln[CTn + τ0

−1 exp(−Ueff/kBT)],
giving Ueff = 1833(34) K, τ0 = 10−12.2(2) s, C = 10−3.7(2) s−1 K−n,
n = 3.2(1). The parameters obtained for 2 are very close to

those for 1 due to their almost identical first coordination
atmosphere of Dy(III) center, Ueff = 1819(32) K, τ0 =
10−12.3(3) s, C = 10−3.1(3) s−1 K−n, n = 3.0(2) (Figure S16). This
situation has also been observed in other enantiomeric
SMMs.27,31

Considering that these two enantiomers have the almost
same magnetism, the magnetic hysteresis measurements were
performed only on 2. To confirm that the hysteretic behaviors
are intrinsic to the molecule itself, the magnetically diluted
sample of 2 (2@Y, Dy:Y = 1:19) was used to study the
blocking of magnetization. At a sweep rate of 200 Oe/s, the
M(H) loops open up to at least 20 K with the coercive fields of
6.2 and 0.9 kOe at 2 and 20 K, respectively (Figure 2 bottom).
The low-temperature isotherms exhibit obvious steps at zero-
field attributed to the effects of quantum tunneling of
magnetizations (QTM), which are common in lanthanide
SMMs.32 Note that 2@Y displayed a significantly higher TB
than all air-stable Dy(III)-SMMs with D6h local symme-
try,21,22,33 probably due to the fluorination of the equatorial
ligand.34 Compared to all high-performance air-stable Dy(III)-
SMMs with D5h local symmetry, a much larger Ueff and a
visually greater coercivity at 20 K in our studies were also
observed.28,35 Ueff and TB parameters of air-stable high-
performance Dy(III)-SMMs are listed in Table S9. The
relaxation time up to 2497 s at 2.0 K was determined from the
plot of magnetization decay versus time, which is the longest
relaxation time at 2.0 K for all known air-stable SMMs. When
the temperature rises to 3 and 5 K, the time decreases to 1377
and 111 s, respectively (Figure S17).
Ab initio calculations were performed to provide insight into

the magnetic anisotropy and relaxation mechanism of these
two enantiomers using their crystallographic data.36 For 1, the
principle magnetic axis of the ground Kramers doublet (KD)
passes through the axial O1−Dy−O2 bonds with the deviation
angle of only 2.2° and 4.9° with the first and the second KD
(Figure 3, Table S10), respectively, resulting from the relatively
short Dy−O bonds. The calculated average LoProp charge in
the ground KD on the oxygen atom is found to be nearly four
times larger than that on a neutral nitrogen atom due to the
presence of highly electron-withdrawing fluorinated substitu-
ents on equatorial macrocycle, indicating the much stronger
interaction between Dy(III) and Ph3SiO− ligands (Table S12).
Analysis of the calculated CF parameters, B(2, 0) and B(4, 0)
are both negative and larger than other nonaxial parameters
B(k, q) (k = 2, 4; q ≠ 0) suggesting the strong uniaxial
anisotropy (Table S13). The ground KD is almost perfectly
axial with gxx = 0.000, gxx = 0.000, gxx = 19.899 and is
composed of 100% |±15/2⟩ wave function. The axial nature
was also observed in the next two KDs supported by the large
gzz values and significantly pure wave functions (Table S10);
however, KD4 is admixture of mJ = ± 9/2 (80.7%) and mJ = ±
3/2 (13.2%) with large transverse g-tensors, gxx = 0.729, gxx =
1.148, which indicates magnetic relaxation via the third excited
state. This is proved by a large transition magnetic moment of
0.32 μB in KD4 (Figure 3). Therefore, the barrier becomes
crossed at the KD4, giving a calculated barrier height of 1895
K for 1, which is very close to the experimental value (1833 K).
This ab initio study also confirmed alike magnetism between 1
and 2, so the magnetic anisotropy and the relaxation
mechanism in 2 will not be repeated (details seen in the
Supporting Information).
Last but not least, by replacing the apical triphenylsilanol

with hydroxytris(4-bromophenyl)silane, two enantiomers,

Figure 2. (upper) χ″(ν) plots for 1 in the temperature range of 40−
100 K in zero dc field. (middle) Temperature dependence of the
relaxation time in the form of natural logarithm for 1. The green line
is given by ln(τ) = −ln[CTn + τ0

−1 exp(−Ueff/kBT)]. (inset) Second
derivative of the plot log(τ−1) vs log(T).16 (bottom) M(H) hysteresis
loops for 1 in the temperature range of 2−20 K using a sweep rate of
200 Oe/s.
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Chiral DyIII SMM with open hysteresis at T = 4.0 K

Air-Stable Chiral Single-Molecule Magnets with Record Anisotropy
Barrier Exceeding 1800 K
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ABSTRACT: Design and synthesis of air-stable and easily tailored high-performance single-molecule magnets (SMMs) are of great
significance toward the implementation of SMMs in molecular-based magneto-electronic devices. Here, by introducing electron-
withdrawing fluorinated substituents on equatorial ligand, two chiral Dy(III) macrocyclic complexes, RRRR-Dy-D6hF12 (1) and
SSSS-Dy-D6hF12 (2), with a record anisotropy barrier exceeding 1800 K and the longest relaxation time approaching 2500 s at 2.0 K
for all known air-stable SMMs, were obtained. The nearly perfect axiality of the ground Kramers doublet (KD) enables the open
hysteresis loops up to 20 K in the magnetically diluted sample. It is notable that they are structurally rigid with high thermal stability
and the apical ligand can be tailored to carry proper surface-binding groups. This finding not only improves the magnetic properties
for air-stable SMMs but also provides a new avenue for deposition of SMMs on surfaces.

Organizing and (electrical or magnetic) addressing single-
molecule magnets (SMMs) are the prerequisites for

achieving their potential applications in molecular spintronics
and information storage.1−4 Two main strategies exist for
transferring SMMs onto a surface, relying on either weaker
aspecific interactions (physisorption) or substrate-specific
chemical bonds (chemisorption).5,6 Physisorption has been
widely used for lanthanide phthalocyanine complexes, which
possess extraordinary robustness to withstand thermal
evaporation in ultrahigh vacuum (UHV);7 however, most
SMMs are intrinsically unsuitable for vapor-phase processing
due to their chemical instability. Compared to physisorption,
chemisorption normally carried out in solution involves the
interaction of a native substrate with functionalized SMMs
carrying surface-binding groups. The widely studied examples
include Mn12, TbPc2, and Fe4 molecules due to their easily
tailored molecular structures.2,8−11 Notably, chemisorption has
been regarded as the easiest way to achieve monolayer
deposition of SMMs.4 However, these substrate−SMM
hybrids can only work at temperatures of a few Kelvin limited
by the magnetic properties of bulk SMMs. In 2016, SMMs
backed in the race by virtue of the remarkable advance in
blocking temperature (TB) up to 60 K in a dysprosium
metallocene cation, [Dy(Cpttt)2]+ (Cpttt = 1,2,4-tri(tertbutyl)-
cyclopentadienide).12−14 After that, the suppression of spin-
vibration coupling attracted increasing interest as a new crucial
strategy in designing high-temperature lanthanide SMMs.15−19

In 2018, Layfield et al. reported a heteroligand dysprosium
metallocene cation, [(CpiPr5)Dy(Cp*)]+ (CpiPr5 = penta-iso-
propylcyclopentadienyl, Cp* = pentamethylcyclopenta-dienyl)
(Scheme 1),20 whose TB first broke through the boiling point
of liquid nitrogen (77 K) profiting from shorter Dy−Cpcentroid
distances and a more linear Cpcentroid−Dy−Cpcentroid angle
compared to [Dy(Cpttt)2]+. However, these SMMs are

extremely air-sensitive and should be handled under an inert
atmosphere.
In 2019, Murrie et al. reported an air-stable hexagonal

bipyramidal Dy(III) SMM, [Dy(LN6)(Ph3SiO)2][BPh4], which
displays a high anisotropy barrier (Ueff) of 1124 K (Scheme 1).
However, the TB is only 4 K partly due to the severely
distorted molecular structure.21 To the best of our knowledge,
the record-holder in Ueff for air-stable SMMs is [Dy(LE)(4-
MeO-PhO)2](BPh4) (1338 K) also possessing D6h local
symmetry, whereas its TB is also low, only 6 K.22

In this context, we have designed two optically pure Dy(III)
macrocyclic complexes with rigid skeleton, RRRR-Dy-D6hF12
(1) and SSSS-Dy-D6hF12 (2). As seen from Figure 1, it is the
flexible ethylenediamine that leads to the distorted skeleton of
[Dy(LN6)(Ph3SiO)2][BPh4]. In order to increase the molec-
ular rigidity, we use (1R, 2R)-1,2-bis(2,4,6-trifluorophenyl)-
ethane-1,2-diamine or (1S, 2S)-1,2-bis(2,4,6-trifluorophenyl)-
ethane-1,2-diamine, which were prepared by the asymmetric
reductive coupling of (2,4,6-trifluorophenyl)methanimine and
ammonia using a chiral diboron catalyst (Figure S1),23 to react
with 2,6-diformylpyridine to construct the equatorial macro-
cycle. The introduction of fluorine atoms in the equatorial
ligands is expected to not only improve the thermal stability
but also weaken the equatorial ligand field through electron-
withdrawing effects.24,25

The synthesis procedures of the two enantiomers were
similar to that of [Dy(LN6)(Ph3SiO)2][BPh4], except for the
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Hydrogenated 
analogue of chiral 

DyIII SMM reported 
by Tang et al.

Stable and big 
single-crystals for 

orientation-
dependent 

measurements

Synthesis and Crystallographic Analysis

Easy-axis almost 
aligned to c

crystallographic 
axis
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Hysteresis cycles as a function of T and B sweeping rate on
oriented single crystals B||c

Static Magnetic Properties
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Dynamic Magnetic Properties

Orbach, Raman and QTM relaxation mechanisms as a function of T

Ueff ca. 1000 K
𝜏%& = 𝜏'(%& + 𝐶𝑇) + 𝜏*%& 𝑒𝑥𝑝

+!""
,#
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MChD Properties

6F3/2

6F5/2

6F9/2/6H7/2

6F7/2/6H5/2

4F9/

2 

l (nm) Electronic transition gMChD (T-1)

1-(R) 1-(S)

749.5 6F3/2 ¬ 6H15/2 0.12(1) 0.11(1)

828.8 6F5/2 ¬ 6H15/2 0.08(1) 0.09(1)

966.0 6F9/2/6H7/2 ¬ 6H15/2 0.06(1) 0.07(1)

985.7 6F9/2/6H7/2 ¬ 6H15/2 0.05(1) 0.04(1)

𝛥𝐴 𝑣, 𝑇, 𝐵 ∝ tan h
𝑔|| 𝑩cos 𝜃
2 𝑘.𝑇

𝒈|| = 𝒈𝒛 = 𝒄𝒂. 𝟐𝟎
𝑔0 = 𝑔1,3 = 𝑐𝑎. 0
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MChD Properties

T dependence

B dependence
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Optical detection of Magnetic Hysteresis
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Optical detection of Magnetic Hysteresis
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ü Magneto-Chiral Effects are fascinating phenomena shown by chiral 
molecules and materials driven by symmetry arguments

ü MChD is an intriguing manifestation of light-matter interaction of 
chiral magnetic systems independent of the polarization state of light 
and proportional to the magnetization

ü A rational chemical approach can reveal the microscopic parameter 
that governs MChD to enhance MChD signals intensity and their 
observable temperatures up to room temperature

ü MChD can be used to optically readout magnetic memories without 
need of light polarization using visible light

Conclusions
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