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Background and context of the Ph.D. research
In the course of geometrical optics, one of the main principles is Helmholtz’s
reciprocity theoremrStokes, 1849; Helmholtz, 1856; Born et al., 1980s stating
that counter-propagating light rays follow the same path and experience the
same refractive index. However, recent optical studies on low symmetry sys-
tems in external magnetic field indicate the violation of this principle. Specif-
ically, these materials are able to distinguish between counter-propagating
light beams, as the beams propagating opposite to each other experience dif-
ferent refractive indices and absorption coefficients.rKleindienst et al., 1998;
Rikken et al., 1998s In most of the systems the difference is rather small,
barely reaching 0.1% in the studied quantity.

In contrast, in magnetoelectric multiferroic materials, which show simul-
taneous ferroelectric and magnetic ordering, the absorption coefficient can
drastically differ for counter-propagating light beamsrSaito et al., 2008s. The
magnetoelectric coupling between local magnetic and electric dipole moments
in these materiels offers a fundamentally new path for data storage. A fu-
ture magnetoelectric device could combine the best qualities of ferroelectric
and magnetoresistive memories: fast low-power electrical read and write op-
eration inherently coupled to a non-destructive non-volatile magnetic data
storage unit.rMartin et al., 2010; Wu et al., 2013s This potential applica-
tion motivates the research of multiferroic crystals and makes it one of the
most intensively studied fields of contemporary solid state physics.rFreeman
et al., 1995; Fiebig et al., 2005; Eerenstein et al., 2006; Ramesh et al., 2007;
Martin et al., 2010; Wu et al., 2013s The same magnetoelectric coupling ap-
pears in the optical regime manifested in the difference of refractive indices
of counter-propagating light beams. Thus, materials originally designed for
the prospect in their static magnetoelectric properties can also be investi-
gated by means of optical spectroscopy in order to develop optical diodes,
transmitting light in one, but not in the opposite direction.

Objectives
The spontaneous electric and magnetic order in most multiferroic crystals
known up to now only exist at cryogenic temperatures, seriously limiting
the practical applications. Clarifying the fundamentals of the non-reciprocal
optical phenomena and its enhancement in multiferroic crystals can help in
designing and discovering novel materials that work at room temperature and
beyond, opening the road to applications. The aim of my Ph.D. research was
to contribute to a better understanding of this fascinating phenomenon and
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to the solution of the problems prohibiting its applications.

New scientific results
1. Using symmetry considerations, I identified the crystallographic mag-

netic point groups, where non-reciprocal directional anisotropy, i.e. in-
equivalence of propagation or absorption of particles or waves along
opposite directions, can emerge. Specific to optical spectroscopy, I pro-
posed a large collection of candidate materials, which can potentially
exhibit such phenomena for all polarization state of light. Besides the
mechanisms already reported in the literature, I predicted a novel type
of directional anisotropy. rP1s

2. Based on statistical physical considerations I have derived a sum rule
relation connecting the static magnetoelectric susceptibility to the dif-
ference between the integral of the two absorption spectra correspond-
ing to counter-propagating light beams. I validated the magnetoelec-
tric sum rule by comparing the static and dynamic magnetoelectric
responses of the magnetoelectric Co-based melilites, Ba2CoGe2O7 and
Ca2CoSi2O7, in various experimental configurations. rP2s

3. In order to determine the relevant magnetic interactions in Ba2CoGe2O7
and Ca2CoSi2O7, I performed a detailed far-infrared optical study of
the spin-wave resonances in their antiferromagnetically ordered states.
I verified that the magnetic field dependence of the lowest-frequency
spin-wave resonances of Ba2CoGe2O7 can be reproduced by classical
mean-field theory and determined the value of the isotropic exchange
coupling, the exchange anisotropy and the single-ion anisotropy. I have
observed strong non-reciprocal magneto-chiral dichroism effect in high
magnetic fields for both compounds. rP3, P4, P5s

4. Using symmetry analysis and the magnetoelectric sum rule, I have
predicted that the non-reciprocal directional anisotropy is not restricted
to materials with long-range magnetic order, but can also emerge in
the paramagnetic state of non-centrosymmetric crystals. For the first
time, I observed this optical para-magnetoelectric effect in the spin
excitations of Ba2CoGe2O7.

5. I performed a detailed far-infrared optical study of the spin-wave res-
onances in the antiferromagnetic phase of TbFe3(BO3)4. I developed
a classical spin-wave theory which reproduces the magnetic field de-
pendence of the magnetization as well as the frequency of the main
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spin-wave resonances. The presence of additional weaker excitations in
the spin-wave excitation spectrum implies that the magnetic structure
of TbFe3(BO3)4 is more complicated than previously believed, with at
least six inequivalent magnetic iron sublattices. rP6s

References
rBorn et al., 1980s M. Born and E. Wolf, Principles of optics: electromag-
netic theory of propagation, interference and diffraction of light, (Elsevier,
1980).

rEerenstein et al., 2006s W. Eerenstein, N. D. Mathur and J. F. Scott, Mul-
tiferroic and magnetoelectric materials, Nature 44, 759 (2006).

rFiebig et al., 2005s M. Fiebig, Revival of the magnetoelectric effect, J. Phys.
D: Appl. Phys. 38, R123 (2005).

rFreeman et al., 1995s A. J. Freeman and H. Schmid (eds.) Magnetoelec-
tric interaction phenomena in crystals (Gordon and Breach, London, 1995).

rHelmholtz, 1856s H. von Helmholtz, Handbuch der physiologischen Optik,
1st Ed., vol. 1, page 169 (Leopold Voss, Leipzig, 1856).

rKleindienst et al., 1998s P. Kleindienst and G. H. Wagnière, Interferometric
detection of magnetochiral birefringence, Chem. Phys. Lett. 288, 89 (1998).

rMartin et al., 2010s L. W. Martin, Y.-H. Chuc and R. Ramesh, Advances
in the growth and characterization of magnetic, ferroelectric and multiferroic
oxide thin films, Materials Science and Engineering R 68, 89 (2010).

rRamesh et al., 2007s R. Ramesh and N. A. Spaldin, Multiferroics: progress
and prospects in thin films, Nat. Mater. 6, 7 (2007).

rRikken et al., 1998s G. L. J. A. Rikken and E. Raupach, Pure and cas-
caded magnetochiral anisotropy in optical absorption, Phys. Rev. E 58,
5081 (1998).

rSaito et al., 2008s M. Saito, K. Taniguchi and T. Arima, Gigantic Optical
Magnetoelectric Effect in CuB2O4, J. Phys. Soc. Jpn. 77, 013705 (2008).
M. Saito, K. Ishikawa, K. Taniguchi and T. Arima, Magnetic Control of

3



Crystal Chirality and the Existence of a Large Magneto-Optical Dichroism
Effect in CuB2O4, Phys. Rev. Lett. 101, 117402 (2008).

rStokes, 1849s G. G. Stokes, On the perfect blackness of the central spot
in Newton’s rings and on the verification of Fresnel’s formulae for the inten-
sities of reflected and refracted rays, Cambridge and Dublin Mathematical
Journal, new series, 4, 1-14 (1849).

rWu et al., 2013s S. M. Wu, Shane A. Cybart, D. Yi, James M. Parker,
R. Ramesh and R. C. Dynes, Full electric control of echange bias, Phys.
Rev. Lett. 110, 067202 (2013).

List of publications

Publications related to thesis statements
rP1s D. Szaller, S. Bordács and I. Kézsmárki,
Symmetry conditions for nonreciprocal light propagation in magnetic crystals
Phys. Rev. B 87, 014421 (2013).

rP2s D. Szaller, S. Bordács, V. Kocsis, T. Rõõm, U. Nagel and I. Kézs-
márki,
Effect of spin excitations with simultaneous magnetic- and electric-dipole
character on the static magnetoelectric properties of multiferroic materials
Phys. Rev. B 89, 184419 (2014).

rP3s I. Kézsmárki, D. Szaller, S. Bordács, V. Kocsis, Y. Tokunaga, Y.
Taguchi, H. Murakawa, Y. Tokura, H. Engelkamp, T. Rõõm and U. Nagel,
One-way transparency of four-coloured spin-wave excitations in multiferroic
materials
Nat. Commun. 5, 3203 (2014).

rP4s S. Bordács, I. Kézsmárki, D. Szaller, L. Demkó, N. Kida, H. Murakawa,
Y. Onose, R. Shimano, T. Rõõm, U. Nagel, S. Miyahara, N. Furukawa and
Y. Tokura,
Chirality of matter shows up via spin excitations
Nat. Phys. 8, 734 (2012).

rP5s K. Penc, J. Romhányi, T. Rõõm, U. Nagel, Á. Antal, T. Fehér, A.
Jánossy, H. Engelkamp, H. Murakawa, Y. Tokura, D. Szaller, S. Bordács

4



and I. Kézsmárki,
Spin-Stretching Modes in Anisotropic Magnets: Spin-Wave Excitations in the
Multiferroic Ba2CoGe2O7
Phys. Rev. Lett. 108, 257203 (2012).

rP6s D. Szaller, V. Kocsis, S. Bordács, T. Fehér, T. Rõõm, U. Nagel, H.
Engelkamp, K. Ohgushi and I. Kézsmárki
Magnetic resonances of multiferroic TbFe3(BO3)4
Phys. Rev. B 95, 024427(2017).

Further publications
rP7s V. Hutanu, A. P. Sazonov, M. Meven, G. Roth, A. Gukasov, H. Mu-
rakawa, Y. Tokura, D. Szaller, S. Bordács, I. Kézsmárki, V. K. Guduru, L.
C. J. M. Peters, U. Zeitler, J. Romhányi and B. Náfrádi,
Evolution of two-dimensional antiferromagnetism with temperature and mag-
netic field in multiferroic Ba2CoGe2O7
Phys. Rev. B 89, 064403 (2014).

rP8s J. Hlinka, F. Borodavka, I. Rafalovskyi, Z. Docekalova, J. Pokorny,
I. Gregora, V. Tsurkan, H. Nakamura, F. Mayr, C. A. Kuntscher, A. Loidl,
S. Bordács, D. Szaller, H.-J. Lee, J. H. Lee and I. Kézsmárki
Lattice modes and the Jahn-Teller ferroelectric transition of GaV4S8
Phys. Rev. B 94, 060104(R) (2016).

rP9s G. S. Tucker, J. S. White, J. Romhányi, D. Szaller, I. Kézsmárki, B.
Roessli, U. Stuhr, A. Magrez, F. Groitl, P. Babkevich, P. Huang, I. Živković
and H. M. Rønnow
Spin excitations in the skyrmion host Cu2OSeO3
Phys. Rev. B 93, 054401 (2016).

rP10s Á. Butykai, Á. Orbán, V. Kocsis, D. Szaller, S. Bordács, E. Tátrai-
Szekeres, L. F. Kiss, A. Bóta, B. G. Vértessy, T. Zelles and I. Kézsmárki
Malaria pigment crystals as magnetic micro-rotors: Key for high-sensitivity
diagnosis
Sci. Rep. 3, 1431 (2013).

5


