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In medias res: a new idea for spin triangles 

χ = +1 MS = +1/2 (down) 

χ = -1 MS = -1/2 (up) 

Spin projection Spin chirality 



JAM22024, Dourdan, 27/11/2024 p. 3 Athanassios K. Boudalis 

Ab ovo: a new quantum property 

Villain, J. Phys. C: Solid State Phys., 1977, 10, 4793 
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Kawamura, Can. J. Phys., 2001, 79, 1447 

Vector chirality 

Scalar chirality 

Ab ovo: a new quantum property 
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, 1 3

ˆ ˆˆ ( )i j
i j= −

= ×∑K S S
Vector chirality 

Kawamura, J. Appl. Phys., 1988, 63, 3086 

Kawamura, J. Phys. Soc. Jpn., 1989, 58, 584 

(Ŝi × Ŝj)z 

Ab ovo: a new quantum property 
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1 2 3
ˆ ˆ ˆ ˆ( )zC = ⋅ ×S S S

“Scalar” chirality 

Wen et al. PRB, 1989, 39, 11413 

“…we characterize the common essence of 
the proposed P- and T-violating states, which 
we call generically chiraI spin states, in a 
precise way. We do this, by defining a local 
order parameter.” 

Trif et al. PRB, 2010, 82, 045429 

Cx and Cy 

Ab ovo: a new quantum property 
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• Si = 1/2, 3/2, 5/2...  
• Antiferromagnetic 
• ~D3h or C3v symmetry 

Spin-chiral chemical systems 
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Rudolf F. Weinland, Berichte, 1908, 41, 3236 Alfred Werner, Berichte, 1908, 41, 3447 

An old story 
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The beginnings of molecular magnetism? 

Lars Welo, Phil. 
Mag., 1928, 6, 
481 

RT 

Ice water 

Dry ice 

“The problem of negative values of θ […] do[es] not appear to be directly related to the existence of 
polynuclear ions […] [O]rganic groups, CH3COO, CHOO, C6H5COO, etc., are themselves very probably 
permanent electric dipoles. […] We may then adopt […] the assumption, that the elementary magnets, that 
is, the iron and chromium ions, have permanent electric moments as well […]” 
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The beginnings of molecular magnetism? 

Kenjiro Kambe, J. Phys. Soc. Jpn, 1950, 5, 48 
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Fiz. Tverd. Tela, 1973, 15, 337 
Solid State Commun., 1974, 14, 131 

Basic magnetic structure 
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Basic magnetic structure 

Δ ∝ |ΔJ| = |J – J’ | 

Ĥ = –2J(Ŝ1Ŝ2 + Ŝ1Ŝ3) –2J’ Ŝ2Ŝ3 –2G(Ŝ1×Ŝ2 + Ŝ2×Ŝ3 + Ŝ3×Ŝ1) 
 

J = J’  J ≠ J’  J ≠ J’ , G ≠ 0 

g|| g⊥ 

Heisenberg (isosceles) term + Dzyaloshinskii-Moriya term 
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Understanding (?) spin chirality 

Belinsky, Chem. Phys., 2014, 435, 62 & 95; Inorg. Chem., 2016, 55, 4078 & 4091 
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Exploration of spin-chiral states (Si = ½) 

• Set up spin Hamiltonian (terms and parameter values) 

• Set up operators Cz and Kz 

• Vector  

• Scalar 

• Iterate over magnetic field values 

• Calculate expectation values 〈Ô〉 

• Calculate standard deviations: ΔÔ ≡ [〈Ô2〉 – 〈Ô〉2]½ 

3

, 1

4 ˆ ˆˆ
3 i j

i j=
= ×∑K S S ( ) ( )

3 3

, 1 , 1
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Exploration of spin-chiral states (Si = ½) 

Cz 

Kz 
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Exploration of spin-chiral states: sign of variables and C 

J J 

J’ 

J J 

J’ 
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Exploration of spin-chiral states: sign of variables and Kz 

J J 

J’ 

J J 

J’ 
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Spin-chiral transitions and magnetoelectricity 

Excited by AC electric fields 
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STM tip 

Trif et al., Phys. Rev. Lett., 2008, 101, 217201 
Trif et al., Phys. Rev. B, 2010, 82, 045429 

Electric control 
Spin-chiral transitions and magnetoelectricity 



JAM22024, Dourdan, 27/11/2024 p. 20 Athanassios K. Boudalis 

Spin (projection) qubit Spin chirality qubit 

Slow decoherence 

Magnetoelectric 
coupling 

Spin-chiral transitions and magnetoelectricity 
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[Fe3O(O2CPh)6(py)3]ClO4·py 

High-symmetry triangles (D3h) 
FeIII, CrIII: same structure two different stories 

[Cr3O(O2CPh)6(py)3]ClO4·0.5py 

Georgopoulou et al.,  
Inorg. Chem., 2017, 56, 762 

Boudalis et al.,  
Inorg. Chem., 2018, 57, 13259 

Gz
Fe ~ 1.6-1.7 cm-1 

ΔJ   ~  5 – 6 cm-1 

Gz
Cr ~ 0.041 cm-1 

ΔJ   ~ 0.3 cm-1 
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Boudalis et al., Chem. Eur. J., 2018, 24, 14896 

Under a static E-field 
Magnetoelectric coupling in the FeIII triangle 

[Fe3O(O2CPh)6(py)3]ClO4·py 



JAM22024, Dourdan, 27/11/2024 p. 23 Athanassios K. Boudalis 

Magnetoelectric coupling in the FeIII triangle 

g|| g⊥ 

Boudalis et al., J. Am. Chem. Soc., 2019, 41, 19765 
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None… 
Magnetoelectric coupling in the CrIII triangle 

Boudalis et al., J. Am. Chem. Soc., 2019, 41, 19765 
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Simulations per the KNB model 
Origins of ME coupling 

Pij ∝ rij × (Ŝi × Ŝi) 
(Katsura-Nagaosa-Balatsky, PRL, 2005, 95, 057205) 

Boudalis et al., J. Am. Chem. Soc., 2019, 41, 19765 
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Simulations per the KNB model 
Origins of ME coupling 

Boudalis et al., J. Am. Chem. Soc., 2019, 41, 19765 
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Simulations per the KNB model 
Origins of ME coupling 

Boudalis et al., J. Am. Chem. Soc., 2019, 41, 19765 
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Other origins of ME coupling? 
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Other origins of ME coupling? 

Ludwig & Woodberry, PRL, 1961, 7, 240 

FeI:Si 
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Other origins of ME coupling? 

Mims, Phys Rev, 1964, 133, A835 

CeIII:CaWO4 

Peisach & Mims, PNAS, 1973, 70, 2979 
Mims & Peisach, J. Chem. Phys., 1976, 64, 1074 

P450 FeIII (S = ½) 
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Other origins of ME coupling? 

PRL, 2019, 122, 037202 Angew. Chem. Int. Ed., 2021, 60, 8832 

[Co3(pytag)(py)6Cl3]ClO4⋅3 py 

[Cu3(saltag)(py)6]ClO4 

Spin frustration removal (?) SOC-mediated g-factor modulation ? 
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Spin-electric excitations 

QMBx – Bordeaux, 16/12/2021 

4.2 K 

Δ? 
Far-IR 

Fe3 
Gz ~ 1.6-1.7 cm-1 

ΔJ   ~  5 – 6 cm-1 
50-55 cm-1 (1.5 THz) 

Magneto FIR, 4.2 K 
Milan Orlita, LNCMI-Grenoble 
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Magneto-FIR spectra 

4.2 K 

ΔMS = 0 
Δχ = 1 

ΔMS = 1 
Δχ = 0 
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Empirical estimation of magnetic peak positions 
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1B BH gµ= ⋅B S
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2 
Powder averaging 

Interaction Hamiltonians 

Filippo Troiani 
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Magneto-FIR spectra 

E1 excites EPR transitions B1 excites spin-electric transitions 

Proper scaling of individual spectra… 

κ ≈ 4·10-4 e nm 
PRB, 2016, 94, 235423: ~ 10-4 e α (Na9[Cu3Na3(H2O)9(α-AsW9O33)2]·26H2O) 
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Previous theoretical models vs current results 

Si > ½ 
S2, C, Kz are NOT good quantum numbers  

PRL, 2006, 96, 107202 
Na9[Cu3Na3(H2O)9(α-AsW9O33)2]·26H2O 

Inorg. Chem., 2004, 43, 8150 

K11H[(VO)3(SbW9O33)2]·27H2O 

• Si = 1/2 
• Jij ~ 2-5 cm-1 
• Jij  >> ΔJ ~ 0 
• Doublet-doublet gap entirely due to DMI 
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Si = 1/2 vs 5/2 
Scalar chirality 
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Si = 1/2 vs 5/2 
Vector chirality 
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ΔJ ≠ 0 (isosceles distortion) 
Spin-electric transitions allowed even if |ΔJ| >> |Gz| 
But nuclear decoupling near the limit |ΔJ| << |Gz| 

Large standard deviations of S2, C, Kx/y/z  
(i.e. ΔÔ ≡ [〈Ô2〉 – 〈Ô〉2]½ 

Some new conclusions (more to come) 

For θ ≠ 0: 
E1 partially excites EPR transitions 
B1 partially excites spin-electric transitions 

Selection rules are relaxed 
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Perspectives: extended clock transitions 

Chem. Sci., 2020, 11, 10718 
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+K 

+K 

-K 

K 

-K 

+K 

539 nm 

TbMnO3  

Perspectives: readout 
Second harmonic generation 

1240 nm 

619 nm SHG readout 

Nature Photonics, 2016, 10, 653 
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Perspectives: readout 
Magneto-Optic Kerr Effect (MOKE) 

Mn3Sn 

Nature Photonics, 2018, 12, 73 
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Perspectives: readout 
Electrical 

Sci. Adv. 2022, 8, eadd6984 

Spin Seebeck Effect voltage 

TbMnO3  
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Many, many more things to say… 
 
 
 
 

…looking forward to your 
questions! 
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