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Dielectric magnetochiral anisotropy

Geert L. J. A. Rikken® '™ & Narcis Avarvari® 2

The combination of chirality and magnetism has steadily grown over the last decennia into an
area of intense research. Magnetochiral anisotropy, chirality-induced spin-selectivity and
helimagnetism are the most prominent phenomena resulting from this combination, touching
different systems like topological (semi-)metals and insulators, quantum magnets, type |
multiferroics and enantio-selective synthesis. As an extension to this area, we argue, based
on symmetry arguments, that magnetochiral anisotropy will manifest itself in the displace-
ment current in chiral dielectrics in a magnetic field. We confirm this conjecture by the
experimental observation of very strong dielectric magnetochiral anisotropy near the ferro-
electric phase transitions of triglycine sulfate and Rochelle salt, two of the oldest and most
investigated chiral ferroelectrics. This effect opens a new playground in the study and
characterisation of all chiral dielectrics. With our discovery, magnetochiral anisotropy now
covers the (di)electrical properties of all condensed matter, from insulators to
superconductors.
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hirality is vital in many areas of physics, chemistry and
biology, where entities exist in two non-superimposable
forms (enantiomers), one being the mirror image of the
other. Since the time of Pasteur, the interplay between chirality and
magnetism has been attracting much attention as a source of
emergent phenomena. Fundamental symmetry arguments show
that when a chiral system is placed in a magnetic field, a whole new
family of effects, called magnetochiral anisotropies (MChA),
becomes allowed (for a recent review, see ref. !). The first member
of this family to be observed, optical MChA, corresponds to a
difference in the absorption and refraction of unpolarized light
propagating parallel or anti-parallel to the field®3. Initially observed
in the visible wavelength range*-9, its existence was later confirmed
across the entire electromagnetic spectrum, from microwaves’-8 to
X-rays>10. The second member, electrical MChA, was experimen-
tally observed in the electrical properties of bismuth helices!l,
carbon nanotubes!?, bulk organic conductors!3, metals!4!>,
semiconductors!®, and superconductors!” as a resistance R that
depends on the handedness of the conductor and on the relative
orientation of electrical current I and magnetic field B, given to first
order by RP/L(B, 1) = Ry(1 + yD/LB -T) where yP = fyL refers to
the right/left-handed enantiomer of the conductor. The latest
addition to the MChA family, phonon MChA, was recently
observed in the propagation of ultrasound!8, further illustrating the
universality of the phenomenon. MChA has become a prominent
representative of the wider class of non-reciprocal transport phe-
nomena in broken-symmetry systems, that play an import role in
topological quantum systems and in Berry phase physics!®. Here we
will present a novel manifestation of MChA, namely in the dis-
placement current in chiral dielectrics in a magnetic field. Chiral
dielectrics represent an enormous materials family of large scientific
and industrial interest; many catalysts, most drugs, and almost all
bio-molecules (DNA, proteins, sugars, etc.) are in this family.
Dielectric MChA opens a whole new window on these materials.
Dielectrics when submitted to a time-varying electric field E(f)
will carry a displacement current density J(f) because of the
movement of bound charges. This displacement current density is
given to first order by J, = P = ¢,x'V'E where P is the polariza-
tion density and y1) the permittivity tensor. We can write a
second-order series expansion of the perturbed symmetry-
allowed total displacement current density, incorporating a
heuristic magnetochiral term and a conventional second har-
monic generation (SHG) term, as

J=7J,(1+ YD/LB Jo) +%(€0X(2)EE) (1)

where () is the first-order hyperpolarizability tensor, allowed in
all non-centrosymmetric media and independent of the magnetic
field. This can be rewritten as

J = eogx VE(1 + &,y”/'B - yVE) + 26,y PEE 2

For an applied electric field oscillating at frequency w, this current
density will have components oscillating at w and at 2w. The 2w
component will have contributions from conventional SHG,
proportional to w and independent of B, and from displacement
MChA, proportional to w? and linear in B. Equation (2) can
be reformulated for the magnetic field-dependent polarization at

20 in a notation common in non-linear optics: P*(w,B) =
Fg,(/lL(w)E]‘f’E‘,:’Bl where TP/L(w) is a time-odd pseudo-tensor of
rank 4 which quantifies the MChA. In particular I“}]?kl = —l"iijl.
This illustrates that displacement MChA is a form of magnetic
field-induced second harmonic generation (MFISHG)2? and TP/L
is an enantio-selective second-order magneto-electric hyperpo-
larizability. MFISHG, although less established than electric field-
induced SHG, has been studied in the optical domain2!. A small

difference between the MFISHG response of the two enantiomers
of a chiral material was observed?? and the MFISHG enantio-
selectivity for small chiral molecules has been calculated?3. For
the optical case, the non-linear response is purely electronic,
whereas here the dielectric response comes from the movement
of (parts of) molecules and to our knowledge, no MFISHG has
ever been reported for this case, neither theoretically nor
experimentally.

Like any hyperpolarizability, will rapidly increase with
increasing polarizability of the medium, which for displacement
MChA translates to an increasing dielectric constant e. We have
therefore experimentally searched for displacement MChA in
chiral dielectrics with a very large e. Such values can be found
near a structural phase transition involving a ferroelectric phase,
with the electric field applied parallel to the polar axis. As it
happens, some of the best known and widely used ferroelectric
crystals have a chiral phase, like triglycine sulfate (TGS) and
Rochelle salt (potassium-sodium-1-tartrate tetrahydrate, L-RS),
as summarized in Table 12425, Whereas RS crystals contain chiral
tartrate ions, whose handedness determines the handedness of the
crystal in all its phases, TGS crystals are composed of achiral
molecules and the handedness of the chiral room temperature
phase is undefined, determined by random crystal defects, and
the crystal breaks up in domains of opposite handedness. A
unique handedness can be imposed throughout the entire crystal
by cooling it from the achiral high temperature phase in a strong
electric field along the (polar) j-axis20:27,

Formal symmetry analysis shows that all 4th rank pseudo-
tensors are zero for the P2/m space group, but that many ele-
ments of such tensors are non-zero for the P2, space group, and
that in particular l“yyzvg #0. A similar conclusion also holds for the
P2,2,2 space group~°. This validates our conjecture that MChA
can exist in the displacement current of chiral dielectrics. Note in
particular that the same analysis shows that T',,,, =0 for the m
point group, which contains the non-centrosymmetric, non-
chiral space groups related to the polar chiral P2; space group,
illustrating that it is the chirality, and not the polarity of the P2,
space group that is reponsible for the MFISHG in the displace-
ment current, and thereby of displacement MChA in TGS.

Our experimental observation of displacement MChA in chiral
dielectrics consists of applying a periodic electric field smaller
than the coercive field, and measuring the fundamental and
second harmonic currents through the dielectric as voltages
across a series resistor for both magnetic field directions (see inset
Fig. 1 and see the “Methods” section). As samples, single crystals
of poled TGS, L-RS and D-RS were studied close to their
ferroelectric-paraelelectric phase transitions.

rb/L

Results

Figure 1 shows the experimentally observed voltage ratio for a
TGS crystal as a function of magnetic field at a temperature close
to T,, confirming the existence of displacement MChA and its
predicted linear magnetic field dependence. For electric fields
along other crystal directions, the dielectric constant is much
smaller and no MChA could be observed. For the remainder, we
call 2AV2%/ V@B the sample’s MChA. Figure 2 shows the observed

Table 1 Low temperature space group (LT SG), Curie
temperature (T.) and high temperature space group (HT
SG) of chiral ferroelectric crystals.

Material LT SG T. (K) HT SG
TGS P2, 321.7 P2/m
RS P2, 297 P2,2:2
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Fig. 1 Field dependence. Magnetic field dependence of the MChA of a
+poled TGS sample at 321K and at 50 kHz and 10 V/mm. Solid line is a
linear fit, error bars represent standard deviation on repeated
measurement. Inset shows the schematic setup.
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Fig. 2 Chirality and temperature dependence. Temperature dependence of
the dielectric constant (blue triangles) and the magnetochiral anistropy
(MChA, red balls) of TGS samples. Top panel: +poled, bottom panel
—poled. Electric field 10 kV/m, frequency 50 kHz, B=2T. Lines are guides
to the eye.

MChA for two oppositely poled TGS samples, as a function of
temperature close to T, confirming that the poling procedure,
which determines the handedness of the samples, determines the
sign of the MChA. The maximum of the TGS MChA is well
inside its chiral phase, at a lower temperature than the maximum
in the dielectric constant, which identifies T.. The fine structure in
the MChA peak suggests there is some inhomogeneity in the
crystals. The MChA remains finite for at least 4 K below T, and
drops rapidly to zero in the paraelectric non-chiral phase above
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Fig. 3 Frequency dependence. Frequency dependence of the magnetochiral
anisotropy (MChA, red balls), the dielectric constant (blue up triangles)
and the SHG hyperpolarizabiltiy (green down triangles) of a +poled TGS
sample at 320.90 K. Electric field 10 V/mm, B=2T. Lines are linear fits.
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Fig. 4 Electric field dependence. Excitation electric field dependence of the
magnetochiral anisotropy (MChA, red balls) and dielectric constant (blue
triangles) of a +poled TGS sample at 321.05K at 50 kHz and B=2T. Lines
are guides to the eye.

T.. This is fully consistent with the aforementioned symmetry
analysis of T, for the P2; and P2/m space groups and the
second-order character of this phase transition which excludes
discontinuities and hysteresis. The difference in the roles of
chirality and of polarity is illustrated by the frequency depen-
dence of the TGS (hyper)polarizabilities at a temperature close to
T, as shown in Fig. 3. This confirms that MChA is driven by the
displacement current, which is proportional to the frequency, and
not by the external electric field, and further validates our MChA
conjecture. The observed linear frequency dependence of MChA
will probably hold as long as the electric field period is below a
characteristic dielectric response time of the medium, which for
TGS is in the sub-microsecond range2’.

Figure 4 reports the electric field dependence of TGS MChA at
a temperature close to T, which shows a sub-linear dependence,
followed by a breakdown. This is because at the highest applied
electric fields, the field surpasses the coercive field, which is about
25kV/m at room temperature, and which goes to zero at T..
Under these conditions, the sample changes handedness with the
direction of the field, effectively annihilating the MChA signal.

Figure 5 show the MChA for RS crystals, clearly sho-
wing opposite behavior for the two enantiomers. In contrast
to TGS, where the MChA drops steeply to zero in the non-chiral
phase above T, the MChA in RS decreases more slowly above T,
because of the chirality of this phase. Again this proves that
the MFISHG is due to the chirality and not due to the polarity
of the crystal. The change in sign of the MChA at T, is
also observed for the all-electric second-order hyperpolarizibility
of RS where it is explained by the classical phenomenological
Landau-Ginzburg-Devonshire theory of ferroelectrics3C.
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Fig. 5 Chirality dependence RS. Magnetochiral anisotropy (MChA, red
balls) and dielectric constant (blue triangles) of L-RS (top panel, filled
symbols) and D-RS (bottom panel, open symbols) as a function of
temperature. Lines are guides to the eye. Frequency 50 kHz, electric field
5kV/m.

Table 2 Values for the magnetochiral anisotropy parameter
reported here and in the literature.

Material yIm2/T-A] Ref. Remark

TGS 3x10° This work Displacement
RS 3x10-® This work Displacement
t-Te 10-8 16 RT

Bi helix 3x10-10 n 77K
TTF-CIO, 1010 3 RT

CrNbsSe 1012 15 Magnetic, LT
MnSi 2x10~1 14 Magnetic, LT
SWCNT 1014 12 LT
Discussion

Our experimental observations on dielectric MChA presented
above confirm the existence of this effect and its basic char-
acteristics. Expressing the displacement MChA in the form given
by Eq. (2) allows for a comparison with the results for electrical
MChA in metals or semiconductors that have been reported in
the literature. Table 2 shows this comparison, showing that, quite
surprisingly, dielectric MChA near the ferroelectric phase tran-
sition is orders of magnitude stronger than any resistive MChA
ever reported, even those measured at low temperatures and in
magnetic materials. This is most likely due to the collective ’soft’
character of the dielectric response near T, of ferroelectrics in
general and of TGS in particular, but so far no microscopic theory
exists to confirm this. As the modern theory of polarization in

Fig. 6 TGS crystal. View of an as grown TGS crystal with the molecular
arrangement.

general, and ferroelectrics in particular, is in terms of Berry phase
physics, the latter may also apply here.

A study of displacement MChA in chiral multi-ferroics may
yield even higher values, as much higher magnetizations will exist
in such materials as compared to the diamagnetic TGS and RS
crystals. In particular in type II multiferroics, where chiral spin
structures generate improper ferroelectricity, very rich and
complex displacement MChA behavior can be expected. Other
mechanisms that lead to large dielectric constants, like ionic
conductivity or grain boundary effects in chiral media may also
be able to generate measurable MChA. Observing dielectric
MChA in ‘everyday’ chiral dielectrics, including liquids, with
more common values of ¢, typically in the range 5-30, is possible
but will be challenging because of the expected small size of the
effect due to its putative ()((1))3 dependence, and will require the
development of an appropriate sensitive measurement technique.
However, if achieved, this would make displacement MChA a
powerful and unique method to determine the handedness of
chiral dielectrics with an electrical measurement, something of
great analytical interest that so far requires much more compli-
cated experimental techniques, ranging from polarization optics
to labeled NMR. As displacement MChA is both sensitive to
chirality and magnetization, and capacitive read-out is non-dis-
sipative, other interesting applications in data storage, sensors
and analysis can be envisaged. The existence of displacement
MChA in dielectrics automatically means, as in the resistive
case3l, that inverse dielectric MChA exists; the generation of an
enantio-selective magnetization by a displacement current, which
may find applications in domains like spintronics or spin polar-
ized ferroelectric electron emitters.

Methods

TGS and RS crystals were grown from aqueous solution by slow evaporation at
room temperature over several weeks, cut into plates perpendicular to their polar
axis (y for TGS (Fig. 6), X for RS) of typically 10 mm? area and 0.6 mm thickness,
and contacted with silverpaint. TGS plates were poled following the procedure of
ref. 26, The handedness of the RS crystals follows from the handedness of the
tartrate anions used in the synthesis. An AC voltage was applied across the sample
and a series resistor, the latter translating the displacement current into a voltage.
The fundamental and second harmonic displacement voltages were each measured
by phase-sensitive detection with a lock-in amplifier for both magnetic field
polarities and registered by a computer. The magnetic field was applied by an
electromagnet, parallel to the electric field. The sample temperature was actively
stabilized within 1 mK. The MChA of the samples is expressed as the difference
between the second harmonic to fundamental voltage ratios for the two magnetic
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field directions:
V2“(B) — V*(—B
R UL )
whereas the conventional SHG is given by the average of these two ratios.

=20V /V¥ (3)

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 8 March 2022; Accepted: 10 June 2022;
Published online: 22 June 2022

References

1. Atzori, M., Train, C., Hillard, E. A., Avarvari, N. & Rikken, G. L. J. A.
Magnetochiral anisotropy: from fundamentals to perspectives. Chirality 33,
844-857 (2021).

2. Wagniére, G. & Meier, A. The influence of a static magnetic field on the
absorption coefficient of a chiral molecule. Chem. Phys. Lett. 93, 78-81 (1982).

3. Barron, L. D. & J. Vrbancich, J. Magnetochiral birefringence and dichroism.
Mol. Phys. 51, 715-730 (1984).

4. Rikken, G. L.]. A. & E. Raupach, E. Observation of magneto-chiral dichroism.
Nature 390, 493-494 (1997).

5. Kleindienst, P. & Wagniére, G. H. Interferometric detection of magnetochiral
birefringence. Chem. Phys. Lett. 288, 89-97 (1998).

6. Rikken, G. L. J. A. & Raupach, E. Pure and cascaded magnetochiral anisotropy
in optical absorption. Phys. Rev. E 58, 5081-5084 (1998).

7. Tomita, S., Sawada, K., Porokhnyuk, A. & Ueda, T. Direct observation of
magnetochiral effects through a single metamolecule in microwave regions.
Phys. Rev. Lett. 113, 235501 (2014).

8. Okamura, Y. et al. Microwave magnetochiral dichroism in the chiral-lattice
magnet Cu,OSeOs. Phys. Rev. Lett. 114, 197202 (2015).

9. Ceolin, M., Goberna-Ferrén, S. & Gald n-Mascards, J. R. Strong hard X-ray
magnetochiral dichroism in paramagnetic enantiopure molecules. Adv. Mater.
24, 3120-3123 (2012).

10. Sessoli, R. et al. Strong magnetochiral dichroism in a paramagnetic molecular
helix observed by hard X-rays. Nat. Phys. 11, 69-74 (2015).

11. Rikken, G.L.]. A,, Folling, J. & Wyder, P. Electrical magnetochiral anisotropy.
Phys. Rev. Lett. 87, 236602 (2001).

12. Krsti¢, V., Roth, S., Burghard, M., Kern, K. & Rikken, G. L. J. A. Magneto-
chiral anisotropy in charge transport through single-walled carbon nanotubes.
J. Chem. Phys. 117, 11315-11319 (2002).

13. Pop, F., Auban-Senzier, P., Canadell, E., Rikken, G. L. J. A. & Avarvari, N.
Electrical magnetochiral anisotropy in a bulk chiral molecular conductor. Nat.
Commun. 5, 3757 (2014).

14. Yokouchi, T. et al. Electrical magnetochiral effect induced by chiral spin
fluctuations. Nat. Commun. 8, 866 (2017).

15. Aoki, R, Kousaka, Y. & Togawa, Y. Anomalous nonreciprocal electrical
transport on chiral magnetic order. Phys. Rev. Lett. 122, 057206 (2019).

16. Rikken, G. L. J. A. & Avarvari, N. Strong electrical magnetochiral anisotropy
in tellurium. Phys. Rev. B. 99, 245153 (2019).

17. Qin, F. et al. Superconductivity in a chiral nanotube. Nat. Commun. 8, 14465
(2017).

18. Nomura, T. et al. Phonon magnetochiral effect. Phys. Rev. Lett. 122, 145901
(2019).

19. Tokura, Y. & Nagaosa, N. Nonreciprocal responses from non-
centrosymmetric quantum materials. Nat. Commun. 9, 3740 (2018).

20. Kielich, S. Frequency- and spatially variable electric and magnetic
polarizations induced in nonlinear media by electromagnetic fields. Acta Phys.
Pol. 29, 873-876 (1966).

21. Fiebig, M., Pavlov, V. V. & Pisarev, R. V. Second-harmonic generation as a
tool for studying electronic and magnetic structures of crystals. . Opt. Soc.
Am. B 22, 96-118 (2005). and references therein.

22. Train, C, Nuida, T., Gheorghe, R., Gruselle, M. & Ohkoshi, S. Large
magnetization-induced second harmonic generation in an enantiopure chiral
magnet. /. Am. Chem. Soc. 131, 16838-16843 (2009).

23. Rizzo, A, Rikken, G. L. J. A. & Mathevet, R. Ab initio study of the enantio-
selective magnetic-field-induced second harmonic generation in chiral
molecules. Phys. Chem. Chem. Phys. 18, 1846-1858 (2016).

24. Shiozaki, Y., Nakamura, E. & Mitsui, T. (eds) Landolt-Bérnstein Group III:
Condensed Matter Vol. 36C. In Ferroelectrics and Related Substances; Organic
Crystals Ch. 60 (Springer, 2006).

25. Shiozaki, Y., Nakamura, E. & Mitsui, T. (eds) Landolt-Bérnstein Group III:
Condensed Matter Vol. 36C: Ferroelectrics and Related Substances; Organic
Crystals, Ch. 67 (Springer, 2006).

26. Volk, T. R, Mednikov, S. V. & Shuvalov, L. A. Unipolarity of TGS-crystals
induced in paraelectric phase. Ferroelectrics 47, 15-23 (1983).

27. Terasawa, Y. et al. Preferences of polarity and chirality in triglycine sulfate
crystals by alanine ghost. J. Phys. Chem. Solids 151, 109890 (2021).

28. Birss, R. R. Symmetry and Magnetism (North-Holland, Amsterdam, 1964).

29. Lurio, A. & Stern, E. Dielectric behavior of single crystals of triglycine sulfate
(TGS) from 1kc to 2500 Mc. J. Appl. Phys. 31, 1125-1126 (1960).

30. Miga, S., Czapla, Z., Kleemann, W. & Dec, J. Nonlinear dielectric response in
the vicinity of the “Inverse Melting” point of Rochelle salt. Ferroelectrics 400,
76-80 (2010).

31. Furukawa, T., Shimokawa, Y., Kobayashi, K. & Itou, T. Observation of
current-induced bulk magnetization in elemental tellurium. Nat. Commun. 8,
954 (2017).

Acknowledgements

This work was supported by the French National Agency for Research project SECRETS
(ANR PRC 20-CE06-0023-01). We gratefully acknowledge technical assistance by N.
Bruyant.

Author contributions
G.R. performed the experiments and the data analysis. G.R. and N.A. performed the
crystal growth and wrote the manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Geert L. J. A. Rikken.

Peer review information Nature Communications thanks Yong Jiang and the other
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3564 | https://doi.org/10.1038/s41467-022-31225-3 | www.nature.com/naturecommunications 5


http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Dielectric magnetochiral anisotropy
	Results
	Discussion
	Methods
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




