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Optical magnetoelectric effect in the polar honeycomb antiferromagnet Fe,Mo3;Og
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The lack of both time-reversal and spatial inversion symmetry in polar magnets is a prerequisite for the
occurrence of optical magnetoelectric effects such as nonreciprocal directional dichroism, i.e., a difference in
refractive index and absorption for two counter-propagating electromagnetic waves, which has the potential
for the realization of optical diodes. In particular, antiferromagnetic materials with magnetic excitations in
the THz range such as Fe,Mo3;Og are promising candidates for next-generation spintronic applications. In a
combined experimental and theoretical effort we investigated the THz excitations of the polar honeycomb
antiferromagnet Fe;Mo3;0g in external magnetic fields and their nonreciprocal directional dichroism, together
with the temperature dependence of the electronic transitions in the mid- and near-infrared frequency range.
Using an advanced single-ion approach for the Fe ions, we are able to describe optical excitations from the THz
to the near-infrared frequency range quantitatively and model the observed nonreciprocal directional dichroism

in the THz regime successfully.
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I. INTRODUCTION

The versatility of multiferroic compounds with cross cor-
relations of spin and charge degrees of freedom [1,2] makes
them a rich playground to explore new materials for ap-
plications. Antiferromagnetic materials came into focus for
spintronic application, as their elementary magnetic excita-
tions are often found in the THz frequency range [3-5]. The
lack of both spatial and time-inversion symmetry in many of
these materials allows the observation of novel optical magne-
toelectric phenomena, of which the nonreciprocal directional
dichroism of light is among the most exciting [6-30], as the
difference in absorption for the two counter-propagating light
beams can, in the extreme limit, lead to one-way transparency
in these materials [13,31] and facilitate the construction of
optical-diode devices [22]. Albeit, theoretical approaches to
quantitatively describe the observed nonreciprocal directional
dichroism effects are rare, focusing on density-functional-
theory approaches for the multiferroic NizTeOg at energies
above 1 eV [26,32].

The material Fe;Mo3;O0g belongs to the family of polar
molybdenum oxides A;Mo3;0g (A = Mn, Fe, Co, Ni, Zn),
which has recently come into the focus of research, as dif-
ferent magnetically ordered ground states can be formed and
tuned by external magnetic fields or doping [31,33-39]. The
A”* ions occupy corner-sharing tetrahedral (A) and octahedral
(B) sites and are responsible for the magnetism, while the Mo
ions build nonmagnetic trimers [34,40,41]. Fe;Mo30g has a
hexagonal structure with the polar space group P6smc, the
polarization along the c¢ axis, and a collinear antiferromag-
netic order below Ty = 60 K [42,43] (see Fig. 1). Recently,
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it was identified to fulfill the criteria to be called an alter-
magnet, too [44]. Upon applying a magnetic field and/or
substitution of Fe by nonmagnetic Zn, a transition to a fer-
rimagnetic state can be induced in Fe;,Mo3;Og [33,34], which
exhibits very unusual magnetization reversal properties [45].
Furthermore, a giant thermal Hall effect has been reported and
ascribed to magnon-phonon coupling effects [46,47]. The op-
tical excitation spectra of pure and Zn-doped Fe,Mo30g have
been investigated beforehand, including electromagnons in
the THz range [19,22,36,48], lattice and electronic excitations
in the infrared frequency range [49-51], and optically in-
duced magneto-optical Kerr effects [52]. Recently, Raman and
neutron scattering studies revealed the presence of magnon-
phonon coupling effects and a hybrid nature of the low-lying
excitations in Fe;Mo3;Og [53,54].

Theoretical efforts to explain the excitation spectra of
Fe;Mo3;0g have either focused on low-energy spin Hamilto-
nians [53,54] or on single-ion crystal-field calculations [49]
of the Fe energy levels, but a real comprehensive model of
the optical excitations including matrix elements and selection
rules remained evasive and set the starting point for our quest
to understand and model the optical excitations and the non-
reciprocal directional dichroism in Fe;Mo30g. Therefore, we
investigated the optical excitations in the THz regime in an ex-
ternal magnetic field and in the mid-infrared frequency range
in zero field. In addition, we studied directional dichroism
effects for the THz excitations in the antiferromagnetically
ordered phase. To model all our observations quantitatively,
we used an advanced theoretical single-ion approach for the
Fe”* ions in Fe;Mo30g and took into account the effects of
an external magnetic field. Thus, we assigned the origin of

©2024 American Physical Society
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FIG. 1. (a) Unit cell of Fe;Mo3Og in the antiferromagnetic state
with tetrahedral (a) and octahedral (b) sites shown in red and blue,
respectively, and the polarization along the c axis. The depicted b axis
is perpendicular to the hexagonal a axis. (b) Temperature dependence
of the specific heat C, showing the antiferromagnetic ordering at
Tn =60 K.

the mid- and near-infrared excitations to the corresponding
Fe sites and successfully modelled the observed nonreciprocal
directional dichroism effects of the low-lying THz modes by
the same approach with a unified set of material parameters.

II. EXPERIMENTAL DETAILS

Single crystals of Fe;Mo3;0g were grown by the chemical
transport reaction method at temperatures between 950 and
900 °C. TeCly was used as the source of the transport agent
(see [50] for details). X-ray diffraction revealed a single-
phase composition with a hexagonal symmetry using space
group P63mc and lattice constants a = 5.773(2) Aand ¢ =
10.017(2) A. The samples were characterized by specific heat
[shown in Fig. 1(b)] and magnetization (not shown) measure-
ments, which clearly show the antiferromagnetic transition at
Ty = 60 K in agreement with literature [33,34].

Temperature- and magnetic field-dependent time-domain
THz spectroscopy measurements were performed on plane-
parallel ab- and ac-cut single crystals of Fe,Mo3Og. A Toptica
TeraFlash time-domain THz spectrometer was used in com-
bination with a superconducting magnet, which allows for
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FIG. 2. Absorption coefficient in the THz range in Fe,Mo;Og
for the three orthogonal light polarization configurations (a) E® || a
& H® || b, (b) E® |la & H® || ¢, and (c) E® || c & H® || a at 2 K.
The solid squares indicate the calculated absorption coefficient as
described in the text, red refers to an A-site related excitation, blue
to a B-site related one.

measurements at temperatures down to 2 K and in magnetic
fields up to +7 T. Transmission measurements were per-
formed in Voigt configuration with the magnetic field parallel
or perpendicular to the ¢ axis. In the mid-infrared (MIR)
and near-infrared (NIR) frequency regimes, reflectivity mea-
surements were performed using a Bruker Fourier-transform
IR-spectrometer IFS 66v/S and transmission measurements
were performed using a Bruker Vertex 80v equipped with a
IR Microscope Hyperion 2000.

III. EXPERIMENTAL RESULTS

A. THz modes—selection rules and magnetic-field dependence

In Figs. 2(a)-2(c) we show the THz absorption spectra
for all three polarization configurations at 2 K. The three
absorption peaks at 41 cm™! (mode 1), 89 cm™! (mode 2),
and 112 cm™' (mode 3) appear only below Ty and identify
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TABLE I. (Upper part) Selection rules for the excitations found
in Fe,Mo;0g at 2 K for the different polarization configurations as
shown in Fig. 2. The notation v' and x indicates the presence or
absence of a mode. (Lower part) Reported excitation frequencies and
selection rules in the AFM phase of Fe;Mo;05 at 4.5 K taken from
Ref. [48].

wo ab-cut ac-cut

[em™'] E® | a E® | a E“ | c
Mode exp calc H® || b H || ¢ H® || a
1 41.5 41.8 v v X
2 89.0 88.6 v v v
3 112.6 112.8 v v v
EM 40 v v X
MM, 90 v X v

the characteristic low-energy excitations of the antiferromag-
netically ordered state. While the former two modes were
observed in a previous study [48], mode 3 at 112 cm ™! has not
been reported before in pure Fe;Mo3Os. In lightly Zn-doped
Fe,Mo30s, however, a corresponding excitation at 114 cm™!

has been reported [36]. From the three different polarization
orientations, the electric-dipole selection rule E || a [48]
could be confirmed for mode 1. The other two modes are vis-
ible in all three polarization configurations, i.e., they are both
electric and magnetic-dipole active and, hence, are candidates
for optical magnetoelectric effects such as the nonreciprocal
directional dichroism (see below). While mode 1 exhibits a
similar linewidth for both active polarization configurations,
the absorption peaks for modes 2 and 3 are narrower for
E® || a & H” || ¢, which suggests that additional relaxation
channels are active for H® || a, b. Note that mode 2 had not
been observed previously for E“ || a & H® || ¢ [48], which
lead to an assignment as being only magnetic-dipole active.
The modes and their selection rules are summarized in Table I
and compared to the results of Ref. [48]. In Fig. 3 we compare
the magnetic field dependence of the THz spectra for the two
polarization configurations for E“ || a & H® || ¢ (panel a) and
E® || c & H? || a (panel b) with the external magnetic field
applied parallel to the c axis. In a previous study, no splitting
could be resolved for the lowest-lying electric-dipole active
mode 1 in magnetic fields up to 7 T [48]. We were able to
resolve a splitting of this mode in the spectrum at 7 T, only,
and evaluated an average effective g factor of about 0.1 using
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FIG. 3. Magnetic field dependence of the THz absorption spectra at 2 K with the external field H || ¢ for polarization configurations (a)
E®|la& H® || cand (b) E® || ¢ & H® || a. Spectra in panels (a) and (b) are shifted with respect to the zero-field spectrum for clarity. Panels
(c) and (d) show a comparison of the experimental eigenfrequencies (solid squares) for the spectra in (a) and (b), with the calculated field
dependence (solid lines) as described in the text. Red lines refer to A-site related excitations, blue lines to a B-site related one.
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TABLE II. Effective g-factors g for modes 1-3 in comparison
with the calculated values from our theoretical approach.

E® | a E®| ¢
H® | ¢ H® | a
Mode g factor exp calc exp calc
1 8- 0.09 0.36
g+ 0.11 0.34
2 g- 1.90 1.99 1.84 1.99
g+ 1.97 2.01 2.03 2.01
3 8- 2.39 3.27 2.41 3.27
an 2.26 3.03 2.24 3.03

ho = hwy £ g1 upH, where g1 denotes the g factors for the
two branches [see Figs. 3(c) and 3(d)]. The g factors for all
branches are listed in Table II. In general, we find that the
experimental splitting is not symmetric for modes 2 and 3,
which is reflected by our theoretically calculated g factors
listed in the same table. The calculated g factors of modes
1 and 3, howeyver, are overestimated, while the one of mode 2
is nicely described by our model.

B. Mid- and near-infrared excitations

Many materials with Fe>* ions in tetrahedrally coordi-
nated sites exhibit electronic transitions in the mid-infrared
frequency range [21,55-57] and in Fe;Mo3Og corresponding
features have been reported both in reflection [49,50] and
transmission experiments [51]. In addition, Park et al. reported
the onset of a direct optical band gap at around 1 eV [51].
We reinvestigated the optical properties over these frequency
ranges for comparison with our theoretical approach. The
temperature dependence of the absorption coefficient shown
in Fig. 4 was evaluated from the transmission coefficient T
using « 1/d InT of an ab-cut single crystal with a thickness
of approximately 13 um. Due to the very small sample size
the reference measurement and the sample thickness possess
a rather large uncertainty and, thus, we display the absorption
data in arbitrary units. In agreement with previously published
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FIG. 4. Absorption spectra in Fe;Mo;Og for polarization con-
figuration E“ L ¢ & H® L ¢ at various temperatures crossing
Ty = 60 K. Spectra are shifted for clarity with respect to the 10 K
spectrum. Arrows mark the narrow onset excitations of the broad A
and B bands.
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FIG. 5. Temperature dependence of the normalized integrated
absorption strength f(7')/f(300K) with a fit using f(T) = f. +
fo coth (hw/2kgT) for (a) the A band and (b) the B band.

transmission data [51], there are two broad absorption bands
called A and B in the following. Both broad bands narrow
upon decreasing the temperature and develop characteristic
sharp absorption features upon entering the antiferromagnetic
state below 60 K. The most prominent features are the sharp
peaks at the onset of band A and band B at 3472 cm™! and
7298 cm~!, respectively (see arrows in Fig. 4).

The broad absorption feature and their narrowing with
decreasing temperature can be a signature of the coupling of
the electronic and lattice degrees of freedom forming vibronic
modes [57-60]. A vibronic coupling has been reported in
the THz regime for Zn-doped Fe;Mo3;O0g [36] and for the
MIR range for pure Fe,Mo3;Og [51] beforehand. We ana-
lyze the temperature dependence of the oscillator strength
of modes A and B by integrating the absorbance spectra in
the range 3000—6000 cm~! for band A and in the range
6000—9000 cm~! for band B, respectively, and normalize
to the values at 300 K. The corresponding data is shown in
Figs. 5(a) and 5(b) for bands A and B, respectively. The tem-
perature dependence of the only partly observed broad band B
can be described by f(T) = f. + fo coth (hw/2kpT ) through-
out the entire temperature regime as shown in Fig. 5(b).
While the temperature independent term f. usually accounts
for the contribution of purely electronic excitations to the
oscillator strength, the second term follows the mean thermal
occupation number of the phonon with energy /iw, which
is involved in the vibronic coupling [58,59]. Our fit yields
a phonon eigenfrequency wg = 356 cm™!, which is larger
than the value @ ~ 150 cm~! obtained by Park er al. [51].
A simulation (not shown) using the latter value, however, also
yields a reasonable parametrization of our data, indicating that
the error bar of this parameter is quite large.

In the case of band A, this vibronic behavior can be used
to describe the data only for temperatures above the antiferro-
magnetic ordering 7 > 75 K with a larger phonon frequency
wa = 503 cm~!. Below 75 K the oscillator strength of the
A band decreases strongly and then levels off in the antifer-
romagnetic state at lowest temperatures. This decrease could
indicate changes in the vibronic coupling upon approaching
the antiferromagnetic ordering, which is in agreement with
reported anomalies of IR and Raman active phonon modes at
Tx [49,50]. However, a reduction of oscillator strength could
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FIG. 6. Comparison of the two measurement configurations
(a) with the external field applied along the polar antiferromagnetic ¢
axis, where the Zeeman-like splitting occurs as shown in Fig. 3 and
(b) with H || a, where nondirectional dichroism can occur.

also originate from a freezing out of magnetic fluctuations
coupled to the electronic levels at the A site. Note that a
similar behavior had been reported for the vibronic excitations
in the quasi-one-dimensional antiferromagnet KCuF; close to
the magnetic ordering temperature [60].

This behavior of the A band is different from the one re-
ported by Park et al., who found a constant oscillator strength
from 4 K to room temperature [51]. The origin of the A band
is attributed to the Fe** ions in tetrahedral environment on
the A site [51,52]. This is in line with previously reported
optical data for materials with Fe>" in tetrahedral environment
[21,55-57,61], and the observation that the A band absorption
was found to be absent in FeZnMo3;Og [51], where the tetra-
hedral sites should have been predominantly filled by Zn ions
[33,40,42,62,63].

C. Nonreciprocal directional dichroism in the THz range

In this section we will discuss the nonreciprocal directional
dichroism observed in THz absorption spectra of Fe;Mo3;0Og.
In contrast to the magnetic field effects shown in Fig. 3,
where the external magnetic field has been applied along the
polar antiferromagnetic c axis, the field will now be applied
parallel to the a axis and induce a magnetization component
in the hexagonal ab plane (see Fig. 6 for a comparison of the
two configurations). As a consequence, the 6'm’m hexagonal
magnetic point group symmetry of the antiferromagnetic state
[33] will be reduced to the 2'm’'m orthorhombic symmetry
and directional dichroism for light beams propagating along
and opposite to the b axis is expected to occur following the
trilinear product relation An < k- (P x M) [6,12]. Here, k
denotes the light’s wave vector in propagation direction and
P and M are the polarization along the ¢ axis and the induced
magnetization in the direction of the external applied field,
respectively. The Maxwell equations yield the following four
solutions for the refractive index n:

Ml 2\ €falblee F Xbs (1
Nag? N €Lty Ao )

where nt% and nt* denote the refractive indices for light
polarizations E“ ||a & H® | ¢ and E® || ¢ & H” || a, re-
spectively. The components of the electric permittivity and
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FIG. 7. Comparison of the absorption coefficient for polarization
configuration E“ || a & H® || ¢ and an external magnetic field H =
+7 T applied along the crystallographic a axis. Symbols correspond
to the calculated absorption coefficient at H = £7 T as discussed in
the text.

magnetic permeability tensor are given by € ; and Wi ;» time-
reversal odd components of the magnetoelectric tensor are
denoted as x. and yx_, [9]. Solutions for wave propagation in
opposite directions are indicated by +k;,. The validity of the
trilinear product form was explicitly confirmed for the sister
compound Co;Mo3Og by reversing all three constituents—the
light propagation direction reverses Kk, the magnetization M
by reversing the external magnetic field and the polarization
P by rotating the sample by 180° [50]. In Fig. 7 we show the
comparison of the absorption spectra obtained by reversing all
three components for Fe;Mo30g together with the calculated
absorption coefficient for the polarization configuration E® ||
a & H” || c. Note that spectra for the reversal of propagation
in Fig. 7(b) and the ones for polarization in Fig. 7(c) were
measured in a static field of 7 T to directly compare the
effects.
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As expected the electric-dipole active mode 1 does not
exhibit a difference in absorption upon reversal of any of the
three components within experimental uncertainty in agree-
ment with the theoretical estimate. Modes 2 and 3, however,
show clear directional dichroism effects. For mode 2 the dif-
ferent spectra for reversing the three components agree very
well with each other and the dichroic effects are well captured
by our theoretical approach. For mode 3 the results for +k,
which involves a complete exchange of source and detector
and realignment of the optical setup, agree only qualitatively
with the other two configuration, the agreement in experiment
and theory is still good for £7 T and +P and shows the
success of our theoretical model.

IV. THEORETICAL MODEL

We now discuss the theoretical model used to describe
the optical excitations in Fe;Mo3Og and their behavior in
external magnetic fields. The model uses a single-ion ap-
proach for the two different Fe>* sites with tetrahedral and
octahedral coordination. In contrast to previous studies using
single-ion models [40,49], we additionally take into account
contributions of the covalent bonding and orbital overlap
with the nearest ligands as well as the Coulomb interaction.
We then numerically diagonalize the Hamiltonian using the
| 3D, My, M) electronic multiplet basis for both A- and B-site
Fe* jons (3d°, S =2,L = 2) separately, i.e., we account for
(28 4+ 2)(2L + 1) = 25 states for each site and model the op-
tical excitations with and without an external magnetic field.
The obtained wave functions are given in the Appendix in
Table VIII.

A. Effective Hamiltonian for A /B sites of Fe?*

To calculate the energy levels and wave functions of the
Fe* ions in Fe;MosOg we start out with the free-ion 3D
ground state and use the effective Hamiltonian

H = Hcp + Hso + Hss + Hn + Hz. 3)

The first two terms, Hcp (crystal field) and Hso (spin-orbit
coupling), split the states into two multiplets in the THz
(Fig. 2) and the MIR /NIR range (Fig. 8). The lower multiplet
is further split and shifted by Hgs (spin-spin coupling) and,
more significantly, by Hps (molecular superexchange field),
which determine the position and selection rules of the exci-
tations in the THz regime. Finally, H; (Zeeman) represents
the Zeeman term for taking into account the presence of a
static magnetic field, which breaks time-reversal symmetry
and leads to a splitting of the THz excitations for H || ¢ and
leads to the observation of the non-reciprocal dichroism effect
forH L c.

The crystal field operator Her = ) , BY'C® is written
in Wybourne notation with the CF parameters BS" and the
spherical tensor components Cy‘) [64]. Because of the three-
fold rotation axis present for the trigonal site symmetry of
both A and B sites, only the CF parameters with ¢ = 0, &3
are nonzero. In addition, calculating the matrix elements of
C® within the 3d® states of the Fe** ground configuration
requires k to be even. Odd components can, however, con-
tribute to nonzero matrix elements in case of configuration

3.4F a0 . ; -
a ® ®
30k E*Ila, H* Il b
= 10K
0 2.6
S 2.2+
o]
§ 1.8F
S 14¢f
1.0+
0.6¢ ] ] AP i
[€¢
T T 22 T
(b)
0.27r A-site 7]
> 0.26} B-site |
=
B 0.25} -
0.23F
1
3500 4500 7000 8000

wavenumber (cm'1)

FIG. 8. Absorption and reflectivity spectrum in Fe,Mo3;0g mea-
sured in the MIR/NIR frequency range with light polarization
configuration E“ 1L ¢ & H® L ¢ at 10 K and comparison with the
calculated excitations as described in the text.

mixing of the ground state with states of different parity (see
Sec. IV B). In first-order perturbation theory for both A and
B sites only the four CF components B(z) B(4) B(4) B(4) will
give nonzero contribution to the splitting of the ground D
multiplet. In the case of undistorted tetra- and octahedra it
follows that Bgz) 0 and B(4) = B(4) J10/7 B(4), and the
resulting ground state at the A site is the orbital doublet E and
the excited multiplet state the orbital triplet >7», while at the B
site the order is reversed with °T» being the ground state. The
actual distortions at both sites preserve Bg4) = B(f;, but lead to
a splitting of the triplet and, usually, the three CF parameters
are determined by fitting experimental data [40,49].

In our approach, we tried to further reduce the number of
adjustable parameters by estimating Bék) using the superposi-
tion model [65,66] of individual Fe-O pairs, considering the
electrostatic potential of O** ions as well as covalency and
exchange effects,

B = Za(k)(Rj)(_l)qC(f‘;(z?, ®). “
J

Here, (R}, ¥}, ¢;) denotes the position of the jth ligand with
respect to the central ion and the a®”(R;) are intrinsic CF
parameters defined for a single Fe-O; pair aligned along the
local z axis. They consist of three contributions

(k) — a(k) + a(k) + agf(), 3)
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where agé) describes the electrostatic energy of 3d electrons
in the point-charge potential of the oxygen ligand; the sec-
ond extended-charge contribution a{X) takes into account the
spatial distribution of the 2s and 2p electrons of the oxygen
ions [67]. The third term describes covalence and exchange
contributions related to the overlap of wave functions of Fe
and nearest oxygen ions [68]. Details on the calculation of the
extended-charge contributions are discussed in Appendix A 1.
The third contribution is given by

9G4€2 4
DR)="—"—(2+5>—-_-52), 6
aex( J) SRJ <0+ s 3 b g ()

introducing the parameter G4 of the so-called exchange-
charge model [68] and the overlap integrals S,, Ss, S, for a
separate Fe”—O?‘ pair. The calculation of these integrals is
done using the Hartree-Fock wave functions of free ions [69],
expanded in terms of Gaussian orbitals as described in [70].
The parameters G4 describes the number of effective elemen-
tary charges located at the Fe-O bond needed to parametrize
the actual chemical bond. Here, it reduces the number of ad-
justable parameters of the CF operator to two, namely G4 = G
and B(()z). The reason for keeping B(()z) as an adjustable pa-
rameter instead of reducing it the effective attractive charges
like the other CF parameters is that we could not achieve a
convergence of our numerical calculations for its intrinsic CF
parameters. While the values of the Bfi") parameters lack well-
established parameter ranges, the effective charge parameter
G corresponds to a clear microscopic picture and significantly
reduces the parameter space for comparison with experiment.
For Fe,Mo3;0g we obtained G ~ 11.5 electron charges for
both A- and B-site bonds. The value is a in agreement with
G ~ 8.93 obtained by this concept for the FeO, tetrahedral
complex in FeCr, 04 [71].

The B values obtained here for Fe;Mo305 (see Table IV
in Appendix A 1) differ slightly from previous estimates re-
ported by some of us [72], as we now used the observed sharp
onsets of A- and B-site bands in the MIR frequency range (see
Fig. 8) to optimize the two remaining parameters G and B(()z).
In comparison with other studies using single-ion approaches
[40,49] we obtain a positive sign of the CF parameter BY
for the A-site ions and a negative one for the B site. We
emphasize that, based on the symmetry of the spherical har-
monic Y0(4) & 94 20cos(29) + 35 cos(4¥) entering Bg”, this
particular component of the CF operator cannot have the same
sign for both tetrahedral and octahedral complexes. Hence, the
sign change is transferred also to the B(ﬁ; components.

The electronic states will be further split and mixed
by the spin-orbit interaction Hgo = Zi Ca(ra@)) - si +
> Cp(rp()i-s; and the spin-spin interaction Hgs =
p(L-S)>. While we use the standard expression for
the spin-spin interaction Hgs with the experimentally
derived value p = 0.18 cm™! [73], the spin-orbit term is
nonconventional [74] in the sense that it includes both
the single-electron spin-orbit coupling ¢; on the sites of
the magnetic ions and the one on the ligands’ sites ¢,
because of charge-transfer processes. Usually, the spin-orbit
coupling of 3d magnetic ions obtained from comparison
with experimental data is reduced with respect to the
corresponding free-ion values, and this reduction is often

parametrized by the so-called covalency reduction factors.
Here, we start with the free-ion value ¢; = 404 cm~! for
Fe?* is [73] (or A ~ —101 cm™! in the basis of °>p multiplet),
and ¢, = 150 cm™' for the O*" ions [75] and calculate the
reduction of effective ¢, directly via orbital-overlap integrals
(see Appendix B for details). As a result we find that the
ligand contribution effectively lowers the spin-orbit coupling
for both Fe sites by ~10%, i.e., A(A) ~ —89 cm~! and
A(B) ~ —88 cm~! in the basis of the °D multiplet. This is in
agreement with the phenomenologically assumed reduction
factors for Fe?* ions and opens a way to further reduce the
number of free parameters and compare the influence of
different ligands such as oxygen, sulfur, and selenium.

We take into account the exchange (molecular) field acting
on the Fe sites by the fourth term in Eq. (3) with the following
form:

Hyg = IS, +I'S:|y) (V] @)

The first term is the usual exchange-field operator used in pre-
vious approaches [40,49,76,77], the second additionally takes
into account possible exchange contributions from excited
states and includes the projection operator |y )(y|, which
selects the orbital state of the Fe’>* ion. According to the
Goodenough-Kanamori-Anderson rules, it is expected that
the exchange field acting on the excited multiplet states in
the energy range of 3500 cm~! is orbitally dependent and
differs from that of the lower-lying E, states. Starting pa-
rameters |I4] ~ 110 cm™!, |Ig| ~ 55 cm™! (see Appendix C)
were taken from early study [42] and successively refined to
[Ia] =~ 80 cm™! and |Ig| ~ 46 cm~! by comparison with the
THz excitations shown in Fig. 2. The additional exchange
field parameter I, ~ —sgn(Ix) x 150 cm~! (in combination
with choosing W = |M; = 0)) was used to model the eigen-
frequencies and selection rules of the onset features of the
A-site MIR excitations observed in the reflectivity spectra
as shown in Fig. 8(b). The parameter /, mainly influences
the high-lying A-site multiplet states (see Table VIII) and
overcompensates the isotropic term in (7), even changing the
sign of the coupling for states with significant contributions
from the |Mg, M; = 0) states. The B-site related high-lying
excitations were modelled with I;; = 0.

The last term Hz = up(g.S + L) - H in Eq. (3) accounts
for the Zeeman interaction of the orbital and spin moments
with the applied magnetic field. Using the numerically ob-
tained wave functions (see Appendix E), we calculated the
magnetic moments at the A and B site and obtained us =
4.31u, and pup = 4.95u;, respectively. These values agree
very well with the ones derived from modeling magnetization
plateaus [78] and the reported averaged magnetic moment of
4.6 &+ 0.2 u,, reported by early neutron data [42]. As shown in
Fig. 3, the THz modes 2 and 3 exhibit a V-shaped splitting as a
function of the external magnetic field. Our single-site Hamil-
tonian (3), however, will lead to a lifting of all degeneracies in
the antiferromagnetic state on all individual Fe sites. The V-
shaped splitting is then a consequence of the two different Fe
positions in the unit cell for both A and B sites [see Fig. 1(a)].
The external magnetic field along the ¢ axis will strengthen
or weaken the exchange fields on the Fe sites, depending on
whether the Fe magnetic moment points in or against the
direction of the external magnetic field, respectively.
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B. Effective light-matter coupling and calculation of optical
spectra and nonreciprocal directional dichroism

In this section, we discuss the effective magnetic- and
electric-dipole coupling operators, which we used to calculate
the optical matrix elements and selection rules for the ob-
tained Fe?* -multiplet states for A- and B-site ions. The usual
magnetic-dipole interaction with the magnetic field H* of the
incident electromagnetic radiation can be written as

Hy = npp(geS + L) - [(K”/k) x E] ®)

with the refractive index n ~ 4, which sets the relation
between E“ and H® in Gaussian units. Electric-dipole tran-
sitions are not allowed between the parity-even states of the
Fe?* ground-state configuration. However, the static CF com-
ponents BY") with odd k mix the states of the 3d° ground-state

configuration with the odd-parity 3d> 4p excited-site config-
uration on both crystallographic sites and can lead to finite
matrix elements. (In principle, the same mechanism applies
for centrosymmetric polyhedra in case of dynamic distortions
by odd phonons [79].) The values of the odd CF components
at the octahedral B site are comparable to the ones at the tetra-
hedral B site (see Table IV) and, hence, both sites can show
electric-dipole activity of equal strength. Another important
source for electric-dipole activity of A- and B-site ions are
virtual electron-transfer processes from the 2p and 2s shells
of the surrounding oxygen ions (denoted as L configuration)
to the 3d state of the iron ions, i.e., admixing 3d7 L! states.
Both sources of electrical activity can be described by the
effective one-particle operator

He ==Y al (n(detr - E)[n)ay, ©)
n.n
with an effective electric-dipole coupling d. - E. We rewrite
this expression using

a apy = Z(zk+ 1)(—1)””( Lok

—m
k.q q

derived in [80]. We find that in our case with [ = 2, the rank
of the unit tensor operators U, q(") can take on the values 0, 2, 4.
Since the effective electric-dipole coupling operator in Eq. (9)
has the form of a scalar product, we can express it in a more
common form used for electric-dipole transitions [81,82]

Hg =Y {E“DU®) P pler, (11)
k,t,p

l
m,>U;k> (10)

Here, the brackets denote the direct product of the spherical
components of the electric field E;’ M — E?, Eﬂl) = F(E? +
iE{)/~/2 and the unit tensor operators U\, The operator in
Eq. (11) is Hermitian and is invariant under time reversal when
1 4+ k + p is an even number. In our case with / = 2, we only
get contributions for p = 1, 3, 5. The parameters D,(lk)"’ can be
expressed as

DM =3 d M R)1ICE W) (12)
J

and allow to estimate the contributions of all Fe-O pairs in the
superposition model. We want to point that the Hamiltonian
(11) can, in principle, describe all interaction mechanisms of

3d electrons with an electric field, including, e.g., vibronic
interactions. The details of the calculation of interaction of
light and the electronic states of the Fe-O pairs the obtained
values of D,( 07 are described in Appendix D.

To model the experimentally observed absorption spectra
we use the above magnetic and electric-dipole operators and
estimate the absorption coefficient using

o O o Y | (m|Hg + Hy|0) %, (13)

where we only considered transitions between the ground
state |0) and the excited state wave functions |m) (with energy
difference 7iw,,p) obtained by numerical diagonalization of the
Hamiltonian given in Eq. (3). The corresponding theoretical
values for the eigenfrequencies and intensities of the experi-
mental excitations with or without magnetic field are shown
together with the experimental data in Figs. 2, 3, and 8. We
used a single scaling factor throughout the entire frequency
range for comparison of the experimental absorption coeffi-
cients and the calculated ones using Eq. (13). The scaling
factor was determined by comparison with the THz data in
Fig. 2(b), where the absorption maxima of all three observed
modes could be reliably resolved.

The nonreciprocal directional dichroism effects caused by
the trilinear product An o< k - (P x M) can be calculated by
using Eq. (13) and reversing the external magnetic field in the
Zeeman term, the propagation direction of light [in Eq. (8)],
or the polarization (corresponding to the inversion of the
tetrahedral or octahedral complexes and their CF parameters).
The calculated absorption values for the THz modes 1, 2,
and 3 nicely agree with the experimental spectra as shown
in Fig. 7. The optical magnetoelectric susceptibility y,. is
determined by the interference term between the electric- and
magnetic-dipole matrix elements in Eq. (13),

Xme o< (m|Hg|0)(0|Hy|m) + H.c. (14)

Clearly, only excitations, which are both electric- and
magnetic-dipole active can show this cross-coupling effect.
As described above the very weak dichroic effect predicted
for mode 1 is not observable within experimental uncertainty,
but the strong effects for modes 2 and 3 with comparable
amplitudes in the electric- and magnetic-dipole channel agree
nicely with the experimental data.

V. DISCUSSION

The strength of our approach lies in a quantitative de-
scription of the observed nonreciprocal directional dichroism
effects, the selection rules and field dependency of the ob-
served THz excitations and further excitations in the MIR
and NIR range. The complete set of energy levels, wave
functions, effective g factors, and transition probabilities from
our calculations is listed in Table VIII and can serve as a
basis for comparison with future studies of the magnetic-field
dependence of excitations in the FIR and MIR regimes.

The calculation of energy-dispersion relations of the op-
tical modes, which are inherent to the excitonic character
of the electronic and spin excitations in dielectric or polar
antiferromagnets such as Fe;Mo30g [83,84] is beyond our
advanced single-ion model. While approaches tackling the

054401-8



OPTICAL MAGNETOELECTRIC EFFECT IN THE POLAR ...

PHYSICAL REVIEW B 110, 054401 (2024)

calculation of dispersive Frenkel excitons in antiferromagnets
are rare [29], the single-ion approach is, however, still the
most straightforward way to describe optical excitations in
insulators and semiconductors such as Fe,Mo3;Og at g &~ 0
[85], and, as we showed here, it is a very successful approach.

There are, however, features of the optical excitation spec-
tra in Fe;Mo30g, which reveal the cross coupling of lattice,
electronic and spin degrees of freedom and are not described
within our model:

The vibronic coupling of the electronic excitations related
to the broad absorption band A in the MIR frequency range
(see Figs. 4, 5, and 8) as well as the interband transitions
connected to hybridization effects of band B [51] are clearly
beyond our single-ion approach. Concerning the lowest-lying
mode 1 our model predicts that the eigenfrequency of the
two A-site ions in the unit cell will show a linear increase
or decrease with the external magnetic field, depending on
whether their magnetic moments are pointing in or against
the direction of the external field, resulting in g & 0.35. Our
corresponding experimental splitting with g & 0.1 is in agree-
ment with the observation by Wu et al. [53], who revealed
the Raman activity of a mode coinciding in frequency with
mode 1 at41 cm~'and a linear splitting with g = 0.11, but it is
overestimated by our calculation (see Table II). In contrast to
our assignment of mode 1 to be of electronic origin, Wu et al.
[53] attribute the mode to a doubly degenerate Raman-active
phonon with a calculated eigenfrequency of about 58 cm™!,
which becomes electric-dipole active as a consequence of
the magnetic point-group symmetry of the antiferromagnetic
phase [53]. As a consequence all predicted 13 Raman-active
E» modes for the paramagnetic phase should become infrared
active in the antiferromagnetic phase and have to be compared
with previously reported new infrared-active modes in the
FIR range [49,50]. The splitting of the putative hybridized
phonon mode 1 in magnetic field is interpreted in Ref. [53]
as a feature of magnon-phonon coupling to mode 2, which is
interpreted as the lowest-lying magnon or electronic excita-
tion. The reported g factor of the Raman mode corresponding
to our mode 2 is g4+ = 2.0 in agreement with our experiments
and calculations. Mode 3 was also reported as a Raman-active
electronic or magnon excitation with g = 2.4 as in a our
experiments, but overestimated by our theory (see Table II).

Recent neutron scattering results reported a highly dis-
persive mode with a I'-point frequency coinciding with the
eigenfrequency of mode 1, which both phonon and spin-
excitation-like features [53,54]. For modes 2 and 3 the neutron
scattering study revealed hybridization effects of spin and
lattice excitations [54] away from the Brillouin-zone center;
hence, our description of these modes as electronic excitations
of the Fe?' ions remains valid as the hybridization close
to g &~ 0 is negligible. In the light of the Raman and neu-
tron scattering results in Refs. [53,54], mode 2 is coupled
to the lowest-lying Raman-active phonon [53] to generate
the splitting of mode 1 and it is also coupled to an acous-
tic phonon to produce the anticrossing features away from
the Brillouin-zone center [54]. A further route to distinguish
purely electronic and magnon-phonon coupling effects could
be a comparison with the isostructural compound Co;Mo3Os.
It exhibits the same collinear antiferromagnetic order and,
consequently, should have very similar phonon modes and

eigenenergies. THz and neutron scattering results have been
published previously [30], but Raman studies have not yet
been reported. Finally, we want to point out that our model
also allows to reproduce the reported electric-field gradient
values and isomer shifts in Fe;Mo3;Og [40,77] as well as
the order of magnitude of the electric polarization values
[33,34,77].

In summary, we investigated the optical excitations and the
nonreciprocal directional dichroism in Fe;Mo3;O0g from the
THz to the MIR frequency range. Experimentally, we could
observe a splitting of mode 1 at 41.5 cm™'in magnetic field
of, found different selection rules for mode 2, and identified
the new IR-active mode 3 at 112.6 cm™~'. In addition, we de-
veloped a semi-empirical microscopic theory, which explains
many features of the observed optical spectra in terms of
the single-ion states of the Fe?* ions, and describes previous
polarization and electric-field gradient experiments, too. This
approach can be generalized to any 3d transition-metal ion
complex and facilitate an assignment of optical spectra and
magnetoelectric effects.
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APPENDIX A: CALCULATION OF THE CRYSTAL-FIELD
PARAMETERS

1. Odd and even intrinsic CF parameters

The calculation of the electrostatic contribution to the in-
trinsic crystal field parameters in Eq. (5) is discussed in the
following. The point charge (pc) and extended charge (ec)
contributions were calculated using the expressions

a® _ Azt
pc(l')y —  RL

I kU
k —m
a1 R) =Y @k + 1= >(_m 0 m)

(nlm|—lelVinrl' m)
(|c®ry

with no free fitting parameters involved. Here, components
with odd k require nl # n'l’ (e.g., 3d and 4p shells of Fe*"
electrons), while for even k the relation nl = n’l’ = 3d must
hold. The involved matrix elements are calculated for the
separate Fez’L—O?’ pairs in the local coordinate system with
a common z axis directed along the pair. The potential of the
ligand’s electrons is approximated by the expansion

|e| — 2
Vr) = 2 : e "
(r) , pie

i

(AD)

, (A2)

(A3)

where the origin of the coordinate system is at the nucleus
of the O?‘-ion. Since this potential contains also the point-
charge contribution, one needs to omit the corresponding term
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while calculating V (r) to avoid double counting. The expan-
sion coefficients p;, y; are given in [70].

In general, (A2) is evaluated numerically on the nearest
ligands using Hartree-Fock functions. However, the numerical
accuracy can be improved, if the radial part of the electron’s
wavefunction is written as an expansion in Gaussian-type

orbits
ZS(nl) exp( Ol(nl) 2)

i

Ry (r) = (A4)

Then (A2) for 3d electrons within the ground configuration
(nl = n'l’) states becomes

epSSR 5
22—44/ |:(X06+)/)2

ijk

2 2R, -
><<7(1—x )—i—?(x a+y)> e

e ka4 9 R2 2,2 _ R*ay
g)(w)(R) =- Z / (Pa+y)e & dx.
ik

ec (3d)(R)

222 Ray

t dx,

(AS5)

For brevity, the indices o = o; +aj, § =y +, y = y; are
omitted in Egs. (AS5) and (A6). The difference between (AS5)
and the expressions from [70] is that we used the correct factor
(x*a + y) instead of (x’a — y) used in [70].

Considering the matrix elements between the closest ex-
cited configuration 3d@°4p' and the ground configuration 3d°
(nl =3d, n'l' =4p), we derived the equation for odd CF
components as follows:

3 wmR
o) _ 2 Bd)gtp)d —UR
Ao’ (34 4p)(R) = E e piS; Sj 4@ £ =

ijk
1 o2R2 2
0
1
x {2R L@y 501 =) a.
TR _wpe
(3) _ (3d) o(4p) — YR
al ag 4y ® = = > &SI %
ijk
1 o2R? 2
xf Pa+y)Ye T Vdy. (A6)
0

The odd components of the third contribution to Eq. (5)
standing for the exchange and covalency effects are also cal-
culated between the excited configuration and the ground term
(nl =3d,n'l' =4p)

2
© e (Zk + 1) 2—m
Aoy 3 4p)R) = G Ga 4”)R (3d[|IC®)|[4p) z,,;( .
2 k1
X —m 0 m S3dm~PSp’4pm (A7)

where Sy, wims are overlap integrals between the wavefunc-
tion of Fe and O ions. Our calculated values are given in
Table III. The even components corresponding to the ground
states (nl = n'l’ = 3d) are already given in Eq. (6) in the main
text.

TABLE III. Calculated overlap integrals S,, between Fe ** and
0% states for A and B site in Fe,Mo;0jg. Hartree-Fock functions are
from Ref. [69]. For the estimations of y at R = 1.988 Awe used their
values determined for Ni-O and Cr-O pairs in oxides by magnetic
resonance methods [95,96] and assumed that y,(R) o Sy.(R). The
radial wave function for 4p-electron was taken as for Fe**(4p) from
Ref. [86].

A B
R 1.9445 2.0045 2.0694 2.1588
8340,2p0 —0.0722 —0.0680 —0.0634 —0.0573
8340,250 —0.0771 —0.0697 —0.0624 —0.0534
S341,2p1 0.0576 0.0523 0.0471 0.0408
S4p0,2p0 —0.0721 —0.0679 —0.0633 —0.0575
S4p0,250 —0.0770 —0.0697 —0.0622 —0.0537
Sapl,2p1 0.0576 0.0522 0.0470 0.0410
Y3d0,2p0 —0.2440 —0.2300 —0.2440 —0.1939
Vad1,2p1 0.2376 0.2160 0.2376 0.1684
Y3d0,250 —0.0298 —0.0270 —0.0298 —0.0207

2. CF parameters

In order to fully determine the form of the crystal field
operators

B = Z( D1a®R)HCH 65, ¢)) (A8)
one needs to consider the structural factors
® an
C, 0, ¢)) = T 51 ea®i 00): (A9)

where Y; , are spherical harmonics, and the sum is taken over
the positions of the surrounding ligands. Since the intrinsic
CF parameters in Eq. (5) consist of three contributions as
described above, we can write them separately as

BY = BY(pc) + B (ec) + B (ex). (A10)

In general the sum in Eq. (A8) has to be taken over all lattice
ions, however, the exchange contribution (6), (A7) as well as
(A2) decay rapidly and, hence, we can restrict the sum to be
taken over the nearest ions, only. The electrostatic interaction
in the point-charge approximation B{"'(pc) is derived directly
from (A1) and given by

Z:e?
BP(pe) = = 3 (P (= 1C 0,0 (Al
j
where Z; is the ionic charge in the lattice (Zo = —2, Zg, = 2,

Ino = 4) and pairs [, [’ are taken as 3d, 4p and 3d, 3d for
k=1,3, k =2,4, respectively. We used (r?)34.3s = 1.393
a.u., (r4)3d,3d =4.496 a.u. [73] and (r)3gz4, = 0.55 au,
(r )3d,4p = 3.26 a.u. estimated by the Hartree-Fock functions
of Fe*™ [86].

Our evaluated values of B®(pc) are shown in the first
column of Table IV. The values listed in parenthesis with
the superscript [ni] were calculated by considering only
the nearest ions for comparison. We find drastic differences
for k =1,2, which shows that the remote ligands play
an important role. According to our estimates, the largest
contribution to the electrostatic energy on long distances
comes from the Mo ions.
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TABLE IV. Different contributions to the CF parameters (in cm™") for tetrahedral and octahedral positions in Fe;Mo3;0g and comparison
of the total values to the ones reported in Ref. [40] T and Ref. [49] (*). (" indicates the contribution only from the nearest ions. The parameters
indicated by [l were estimated using experimental data because of the numerical instability of the initial estimates.

p.c. 0 ex. Total Total ' Total

Tetrahedron A site

By’ 289 (-7)tnil 1945 -3153 -956

BY 6394 4541 —900free! 158 233

B 12634 (17140)n] 34711 30661 6505

By ~7172 (-8246)!™ 16390 ~14846 —4707

B 1842 (1347)tni1 2148 3760 3586 -5507 4148

B 3596 (3467)™ -5202 9844 8238 6693 5967
Octahedron B site

B" 4373 (-3351)Mn -90 1531 7232

BY 788 ~5602 960!free!

B 2290 (-3715) 7419 -6661 -2290

By 2279 (2187)M —4549 4026 2643

B ~3965 (—4757)t 6272 -12333 -10026 -17570 -7618

By 4752 (4948)"1 —6551 12873 11074 16773 -9604

The G4 parameter was mainly determined by compari-
son to transmission and reflectivity spectra measured in MIR
range—Fig. 8. The obtained value G4 ~ 11.5 allowed to cal-
culate the remaining parameters of the CF operator, which
are shown in Table IV for both odd and even fields and both
Fe sites. Comparing it to the literature [87,88], it turned out
to be smaller than in previously published studies on oxide
complexes. This can be justified since usually the contribution
to B (ec), B (ex) is approximated with a single term in
[87-90]. However, this approximation is justified only for an
exchange and partially covalence effects contribution in the
crystal field energy [65]. Therefore, we calculated ) as well
as Bfi" )(ec) using Hartree-Fock function and a real electrostatic

potential of oxygen ion, while only a} and B{"(ex) were
approximated with overlap integrals. In this sense, the G pa-
rameters listed in [87] are different from the ones used by us.
An explicit separation of terms B{(]k)(ec) and B;k)(ex) allowed
us to conclude Gy (34,34) > G (34,4p), Where k is even and &’
is odd. In general, the contribution B%)(ex) also includes the
energy of the covalence bond between the magnetic ion and
the ligand along with overlapping effects. Here, the covalency
effect is suppressed for odd components (k' = 1, 3) because
of a larger energy for a charge transfer process of oxygen 2p
electrons to an excited configuration 3d°4p of the magnetic
ion [90]. Thus, we assume G| = G3 >~ 0.5 G4 in our approach
for odd CF components.

The reason for the relatively low magnitude of Bg‘)(A)

compared to Bg” can be explained as follows: The radial parts
decay rapidly, therefore the total magnitude is mostly defined
by the z component of the closest O ions. In the crystallo-
graphic coordinate system, each FeO, complex is formed by
one O ion at the top along the local z axis with R = 1.9446 A,
and three at the bottom with R = 2.0040 A. Both contribute
to Bg” almost equally, but with opposite signs, leading to a

significant compensation, which is not the case for Bg‘” .

To clarify the chosen coordinate system, the coordinates
of the nearest oxygen ions are given in Table V. The iron
ion is placed at the origin of the coordinate system. The
values of crystalline field parameters (A, A4, D,), reported in
previous studies [40,49] (see Table IV marked with daggers),
are recalculated for comparison using the relationships

B =270D,.
(A12)

BY = —7A;, BYY =7(3A442D,),

They are also given in Table IV. As one sees, parameters
obtained by us differ from the results of previous studies. The
main difference is that the sign of the crystal field parameter
Bﬁf (A), in contrast to previous studies, is positive. The nega-
tive sign of BY (A) does not correspond to the crystal structure

TABLE V. Coordinates of the oxygen ions around tetrahedral
and octahedral positions with the Fe ions at the origin of the co-
ordinate system in Fe,Mo3;Og and bond lengths for the Fe-O pairs
(in A).

No x(O-Fe) y(O-Fe) z(O-Fe) R(O-Fe)
A - Tetrahedron
1 0 0 1.9446 1.9445
2 1.7871 0 —0.9078 2.0045
3 —0.8936 1.5477 —0.9078 2.0045
4 —0.8936 —1.5477 —0.9078 2.0045
B - Octahedron
1 0.7735 1.3398 —1.5056 2.1588
2 —1.5471 0 —1.5056 2.1588
3 0.7735 —1.3398 —1.5056 2.1588
4 —0.8344 —1.4452 1.2238 2.0694
5 1.6688 0 1.2238 2.0694
6 —0.8344 1.4452 1.2238 2.0694
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of the fragment FeO,. Note that the difference in signs for
the parameter B§4) in [49] and [40] is not important, because
the orientation of the local coordinate system axes relative
to the crystallographic one was not determined during the
phenomenological fitting of this parameter. The orientation of
the local axes adopted by us with respect to the positions of
nearest oxygen ions is explained in Table V.

APPENDIX B: EFFECTS OF OVERLAPPING OF
ELECTRON ORBITS ON THE SPIN-ORBIT COUPLING

In the spin—orbit coupling operator, the most important
terms are [74]

Hso = Z Ca(ra()ki - i + Z Ep(rp(@)hi - si, (BD)

where r; denotes the position of an electron on the magnetic
ion site, and r), is for the ligand’s site.

The form of the Hamiltonian in Eq. (B1) is not suitable
for practical calculations of the spin-orbit coupling for states
of 3d electron at r; site; however, it can be converted to an
effective single-particle operator

| 1 f1n") =2l f1p)2
Feff = 5 Za;an’ +}“7]K (K|f|p))hpn’
+(n|f|§)[SSpS,or]’ -

+c.c.,

YepVor'
(B2)

J

considering the superposition of the wave functions of the
magnetic ion and the ligand as discussed in [77]. Here, f can
be any two-particle operator [in our case (B1)]. The set of
quantum numbers 7, & denotes the states of 3d electrons of
the magnetic ion, while p, « are for the 2p electrons of the
ligand; y,, , are so-called covalency parameters, taking into
account a virtual charge transfer process and A,, = S,, + vy,
Our estimates for these parameters are given in Table III.

Following the approach in [77] after substituting (B1) into
(B2) we obtain

Her = (a(ra@) + AD i -5 (B3)

—|—[2W(“) —l—W(“ +W(11)] (B4)

- fm”fﬁﬂwmﬂ (BS)

4 3
4—J;m$H-1Am@%Hwﬂqm (B0

W W VB + W) o )

where the W;’(‘,") are double irreducible tensor operators [80],
that act similarly to the spherical tensor operators C(* used
in the CF operator expansion, but consider both angular mo-
mentum and spin states. This is a general equation for any 3d
system coordinated by ligands with a closed 2p shell. Here the
following notations are used:

UIZ[WWMWML

v =Y AFPPRNCT . 0)).

J

vy =Y ASRNCGV @ 0)),

J

1
v=y 5A}}”“(R,)Recg‘“(f}j, ;). (B8)
J

where

/ 1 /

A“'”(R)——cd\/j)[ 3(S7 80 = ve) + 52 = va] 42 f[k = V3hl.

[3(; +57 = %)

A R)) = L

1
V35

_S72r+ys]_§17

(B10)

—V3%,1.

B1l
\/_ (BIT)

As one can see, the actual symmetry of the surrounding ions is included in the v; parameters, while the ground configuration
of the 3d" system enters only into the reduced matrix element (d”,25*! L||W ®)||d" 25+1 L), therefore we introduce the notations

for our case

wi = (d*°D[W"V||d°° D)
wy = (d°°D[W(|d° Dyvs,
w3 = (d°°D[W")d° D)
wy = (d°°D [W'?d° D)

U1,

v3,

Vs (B12)
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and

4
Ay = Z{%[S§+Sf—y3+§

J

Note that in [77] the signs of the w; are erroneous. Here,
we give the corrected results calculated for A and B sites of
the FeO, complexes in Table VI using ¢; = 404 cm~! [73]
and ¢, >~ 150 cm ™! [75].

It should be noted that the role of anisotropic corrections
to operator (B3) in the formation of the fine structure of
terms Fe’t (°D) has not been investigated before. However,
as can be seen from Table VI, the values of the parameters
w; proved to be comparable with the value of A¢,, which is
usually introduced when the change in the spin—orbit coupling
parameter for the 3d electron as compared to its value for a
free ion is taken into account phenomenologically. It is shown
in [77] that not only the change in parameter ¢ occurs, but also
considerable anisotropic corrections appear.

APPENDIX C: INITIAL MOLECULAR EXCHANGE FIELD
ESTIMATES

Our approximation to the molecular exchange fields
I(A/B) in Eq. (7) is based on the values for the molecular
fields given in Ref. [42]: The effective exchange fields Hy p at
the two Fe sites can be expressed as

Hy = WygMp + Waa My + WapMp,

Hp = WpaMy + WppMp + Wpa My, (CDhH

where W, g are the exchange constants between the Fe
spins on the two sublattices, which were extracted from the
magnetic transition temperatures of the substitution series
Fe,Zn,_,Mo30g in Ref. [42].

Comparing (C1) to our molecular-field contribution in
Eq. (7) and substituting M4 p = na pga.pp/Sa.8(Sap + 1),
where ny4 p is the concentration of A site and B site in the
series Fe,Zn,_,Mo30g, we found Hy = I(A) ~ —110 cm™',
Hp = I(B) ~ —55 cm™'. Our corrections to those values are
based on the observed energies of the low-lying THz excita-
tions shown on Fig. 2 and lead to values |I5] ~ 80 cm~! and
|Ig| ~ 46 cm™!.

TABLE VI. Calculated parameters of the spin-orbit coupling
operator.

w;, cm™! A site B site
AC 43 47
w 20 —18
wy 100 87
ws 74 ~260
Wy —88 135

Ax
(S5 — yyf)} + s + 231,14,

(B13)

APPENDIX D: COUPLING OF 3d ELECTRONS TO THE
ELECTRIC FIELD

We can express any electric-dipole operator as follows
[81,82]:

() (1k
k,t,p

DD

Here, the brackets denote the direct product of the spherical
components of the electric field E(j”(l) =E?, Eiil) =F(E’+

iEy‘") / +/2 and the unit tensor operators U q(k), i.e.,

{E(I)U(k)}t(p):\/ﬁz(_l)l—kﬂ (D2)
q.9
1 &
« PAemy® D3y
q q/ —t q q

where the operator Uq(") is applied on each electron in the
given configuration, i.e.,

U = D g (e
i

where for each of the 6 electrons the following matrix element
should be calculated

(D4)

k li—mi;
(L ml;, msi|ulO|1;, ml;, msj) = (=178 g,

l; kI
X .
—ml; q mi;
(D5)
Note that for hole states the matrix elements change the sign.

We consider two contributions to the effective dipole-

moments of Eq. (D1) given by
D" = D" (ocfe) + D" (cov). (D6)

The first takes into account odd crystal field components
(ocfe) and can be written as [81]

Qk+ D){ry) (& +1
D™ (ocfe) =2|e| ( ANy
! [Ap|V2t+1\ 3

, 1 kot
x (I'ICO) ){l p l}BE”)-

D7)

In our case nonzero contributions only arise for p =1, 3,
for which we have already defined all necessary crystal field
components B in Appendix A 1. Moreover, / and ! refer to
the 3d and 4p shells, respectively, and (/||C”||I") denotes the
reduced matrix elements, and €’ is the real part of dielectric
permeability in the dc limit, which was not included in the
original Judd-Offelt equation [80].

The averages we evaluated using Hartree-Fock functions
[69] are equal to (r,q) >~ 0.76 a.u. and (r;d) ~4.92 au.
Using the parameters of the odd crystal field and |A ,q] =~

054401-13
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TABLE VII. Calculated parameters of the electric-dipole operator (D8) for both positions of Fe** in atomic units. The fourth column (adj)
in each section show the adjusted (if applicable) values based on the relative intensities of absorption lines in the THz range (Fig. 2).

A B

Dor ocfe cov total adj ocfe cov total adj
Dy 0 —0.233 —0.233 0 0.064 0.064
Dy 0.049 —0.300 —0.251 -0.371 0.0658 —0.306
D'?? 0.050 -3.571 -3.523 -0.018 0.781 0.763
Di? 0.349 —0.233 0.115 —0.123 0.075 —0.048
Di'"? 0 0.567 0.567 0 -0.013 -0.013
Dy’ —0.036 1.723 1.687 2.834 0.062 0.465 0.527 0.843
Dy’ —0.252 0.153 0.099 0.142 0.029 0.171
Dy 0 0.126 0.126 0 —0.062 —0.062
70000 cm~! [91] and €’ = 9.1 [34], we evaluated the crystal ~ follows:
field contribution to the Dflk)” parameters given in Table VII.

The second term defining the covalent contribution (cov) in
Eq. (D6) has a different meaning than that used in the analysis { Im | ) ’ lm’} — Z [ Ao (/c |rC(1) | p))\ m'
of electric-dipole transitions in rare-earth compounds. In the K s g r
studies of ML.F. Ried [90] and colleagues [92,93] this term W W
refers to the contribution arising from the overlapping and — (Im|r (O 10) % pmr — A (¢ |qu |tm')].
covalent effects on the parameters of the odd crystal field, (D11)
which mixes states of 4" and 4 V=154 shells. We consider
a similar contribution as the renormalization of parameters in
the odd crystal field, mixing states of 3d" and 3dV~'4p. In
our case, the covalent contribution corresponds to accounting where we assumed that
for the delocalization of the electronic density of 3d electrons
caused by overlapping and covalency effects with the nearest
oxygen ions. It is not related to the odd crystal field. In the

v y Jone (R = Ve (R}) + S (R)). (D12)

case of rare-earth compounds, this effect is considered weak
and is not taken into account. For calculating the covalency
contribution, we expand it for individual pairs of Fe-O as

Df]k)p(cov) = Z

k

d(lk)p(Rj)(—l)’C(f?(l?ja ‘Pj)'

cov

(D8)

We follow the approach of Refs. [77,94], where it was derived
using the secondary quantization technique, and find

!
2
AR = = S 2
1 P\ ;an
X <—q O)d_""’(Rj)’ (DY)
where
l k1
k) _ l—m+
d,q,q_%;(—l) q(2k+1)<_m . m,)

x {lm|rC;l)}lm’}. (D10)

One should note that it follows from Eq. (D10) that k
must be even, and that the matrix element (curly brackets)
usually vanishes for pure 3d°® states. Using the method of
linear combinations of atomic orbitals (LCAO) to consider an
admixture of the ligands’ wavefunction one can write it as

Here, S, denote in a short notation the overlap integrals
described in Appendix A 1, and y,,, are so-called covalency
parameters per one metal-ligand pair.

The evaluated values of D,(Ik)p (cov) are given in Table VII.
After that they were adjusted to correct the relative intensities
of the low-lying THz excitation as well as to IR’s reflectivity
spectra (not shown).

APPENDIX E: WAVEFUNCTIONS, EIGENFREQUENCIES,
G-FACTORS, AND TRANSITION MATRIX ELEMENTS

In Table VIII we list the wave functions obtained by the
numerical diagonalization of the Hamiltonian (3) for the Fe?*
states of A and B sites in the |[M;, Ms) basis. For each state
we calculated the eigenfrequency the effective g factors for
the linear Zeeman-splitting in magnetic field and the square
T = |(m|Hg + Hu|0)|?> of the transition matrix element en-
tering into the calculation of the absorption coefficient in
Eq. (13) from the corresponding ground state for the polariza-
tion configuration E® || a & H® || b. The presented absorption
coefficients w T were normalized to the modes 1 and 3 in THz
range (see Fig. 2) for the corresponding Fe?™ sites.

054401-14



PHYSICAL REVIEW B 110, 054401 (2024)

000 €L €L 100 900~ 100 T80 LSO YEIES
000 +'S ¥¢ 100 90°0— 80 650 80°0— 891
6v0c 0SS LS 00— 910 8T0— SS0 [S20) YI0— 0 90— S1€0S
QO T 09 T€0— LY0 10— 10— 10 150~ 90  T00— S00— $'610S
000 I'S IS €00— €00~ 10 19°0— 8L0  100— 900~ 100 8°L10S
0T8T 8¢ 0¥ L0°0 ¥S0— Lo €10 S0°0 S0°0— 920 €0— TSI0S
Ol TS €T £v'0— 90 100 00— 90°0— 10 S0~ 100 ¥0°0 04108
6r'e 89 09 200 Tro— 1o 870 9¢'0 150~ 650 0'866%
w91 91 80°0— 900 9L0 790 10— 60°0— zro 100— v 198%
000 +0 t0 SLO $9°0 10— 00— 90°0 0°SILY
000 €8 €8 100~ 100— 600 00'1 €1ese
000 €9 €9 100 100— 2I'0 100 660 €0°0 10— $°€0S¢
Wy v €F 100— €10 200 86°0 €00 €10~ 100— S681€
00 €0 T 660 100 10— 100— 100— 0°€8¥€
000 €T ST 110 €00 860 200 Tr0— 100— 100 v I8YE
000 €8 €38 10°0— 100 100~ Tro— S00— LSO— 180 09v€
000 98 98 100— 900 L00— S0°0 9L0 S90  0°66C
000 T9 T9 10°0— 80°0— 650~ 80 S0°0 09T
1o <9 <9 100~ 100— 900 L00— 900 9L°0 90 $00— Tro £'EET
000 ¥+¥ ¥ v00 S0°0— 90°0 6L0 190 80°0 100 TOLI
Y00  TY T¥ S0°0 600 90— 6L0 90°0 90°0 00 691
Y00 €T €T S0°0 80 850 600 $0'0— 9901
61T 0T 0T Y0 1T0 650~ YLO 900 90°0 S0°0 9'88
00T 0 €0 6L0 S0 TTO 120— 00— 100~ 100— 81

000 00 00 $90— SLO S0°0 ¥0'0 €0°0 00
Lo —8 5 T - 0 I 4 4 - 0 I T - - 0 I 4 4 - 0 I 4 - - 0 I T m
T I- 0 I 4 SW

054401-15

OPTICAL MAGNETOELECTRIC EFFECT IN THE POLAR

‘K[oAnoadsal 9)1s g pue v 10§ ('] St (7 "SI 99S) € 9poul pue | 9poul Jurye) PIZI[RULIOU dI9M [ @ JO San[eA pAae[noe) g || o H 2 0 || wd
uonemn3yuod uonezirejod ay) 10J 18IS PAJIOXd Surpuodsariod ay) 0} 9Je)s punoid ay) WOy UONISURI) dY) I0j @ JUSIOYJo0d uondiosqe ay) pue $I0}oey § 9ANIOJJ PAJB[NO[ED dY) MOYS SUWN[0D
oM} 3se[ AU, "SISeq (S ‘7| SU) UI SIS ¢ PUB  JO SIJLIS 3] Y 10§ (AOBINDOOE 9586 YIM) SUONOUNY JABM PUE (KIBINOJE | WD ['() YIIM | _ W ur) sarouanbaiyuasio pajemnoe) A 4 19V.L



PHYSICAL REVIEW B 110, 054401 (2024)

K. V. VASIN et al.

100 98 L8 IS0 98°0 €00~ 90°0 00— ¥'08TL
000 L8 88 80 95'0— 600 61°0 10°0— 100 10°0— ¥'8LTL
SI'0 89 89 To— 1o 50 780 €00~ LO0 Y00~ 100— L'SETL
000 69 69 €00~ £€8°0 950~ 200 600 €6ETL
000 Lt 6% 10— €00 S0 €8°0 €00~ 90°0 €00— tE6IL
LT 0SS 6% v00— LO0— €00~ €8°0 ¥S0— LO0— S00— TE6IL
vT8e 0 0¢ 100 S00— 800~ €0°0— €8°0 10— TI'0— €ro— YTSIL
L00T 8T 8T 90°0 LO'0— SS°0 €8°0 €0°0— 8'8YIL
000 01 01 $0°0— LO0— €00~ S8°0 10— 0°80IL
01 80 60 10°0— 100~ 100~ S1°0 TI0— 950 08°0 TE0IL

000 €8 €8 68°0 YT 0— 6£0— 100— 100~ 100 LyhL
800 SS9 99 LIO LO0— 68°0 To— 9¢'0— €00~ 7189
1o €L SL %50 SLO  TI0— 60°0 9¢°0— 90°0 Tr0 200 100~ L'0g9
€0 SS TS €20 €0 LTO Tro— 780 10— LTO— SO0— 200 9°L09
000 Lg L€ €00~ 00— 900~ ¥+0 STO— €8°0 60°0— 61°0— 89rS
s€6l LT LT 200 100 €0'0— 790 v0— L90 96
ol 81 81 €00 100~ ¥0°0 €00 100— 280 LS0— TSsy
000 €9 €9 8€°0 50 9,0  ¥00 100 900 100~ 00— 95Ty
100 8% 6% 970 SI0— 9z°0 90) 9.0  LO0 00— 60°0— 9°'68C
809 0T tF¥ €00 00— 100 ¥0°0 600  LY0— SE0 80 'Ly
000 Lt €T 100 200 100— $9°0 Pr0— ¥$0— S1'0 8T0  L'9¥C
6L0 €9 9 200 L9°0 Tro— To— €0 670 T00— €00 L'6€T
00 €6 T6 YLO 90— 9¢°0— 61°0— 870~ 100— 10°0— 100~ 591
001 TE TI¢ 100~ 920~ 81°0 0r'0 LY'0 €L0 €00 8Tl

000 ‘0 000 80°0— 900 90 S0 %0 00
RCHE N - 0 I 4 - - 0 I T - - 0 I T - - 0 I 4 - - 0 I T m
3 T I- 0 I T W

(panunuo)) ‘TIA 414VL

054401-16



OPTICAL MAGNETOELECTRIC EFFECT IN THE POLAR ...

PHYSICAL REVIEW B 110, 054401 (2024)

[1] N. A. Spaldin and R. Ramesh, Advances in magnetoelectric
multiferroics, Nat. Mater. 18, 203 (2019).

[2] S.Dong, H. Xiang, and E. Dagotto, Magnetoelectricity in multi-
ferroics: A theoretical perspective, Nat. Sci. Rev. 6, 629 (2019).

[3] T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wunderlich,
and C. Felser, The multiple directions of antiferromagnetic
spintronics, Nat. Phys. 14, 200 (2018).

[4] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and Y.
Tserkovnyak, Antiferromagnetic spintronics, Rev. Mod. Phys.
90, 015005 (2018).

[5] P. Némec, M. Fiebig, T. Kampfrath, and A. V. Kimel, Antifer-
romagnetic opto-spintronics, Nat. Phys. 14, 229 (2018).

[6] G. L. J. A. Rikken, C. Strohm, and P. Wyder, Observation
of magnetoelectric directional anisotropy, Phys. Rev. Lett. 89,
133005 (2002).

[7] J. H. Jung, M. Matsubara, T. Arima, J. P. He, Y. Kaneko, and
Y. Tokura, Optical magnetoelectric effect in the polar GaFeO;
ferrimagnet, Phys. Rev. Lett. 93, 037403 (2004).

[8] M. Saito, K. Ishikawa, K. Taniguchi, and T. Arima, Mag-
netic control of crystal chirality and the existence of a large
magneto-optical dichroism effect in CuB,0,4, Phys. Rev. Lett.
101, 117402 (2008).

[9] 1. Kézsmarki, N. Kida, H. Murakawa, S. Bordacs, Y. Onose,
and Y. Tokura, Enhanced directional dichroism of terahertz
light in resonance with magnetic excitations of the multiferroic
Ba,CoGe,0; oxide compound, Phys. Rev. Lett. 106, 057403
(2011).

[10] S. Bordics, I. Kézsmarki, D. Szaller, L. Demkd, N. Kida, H.
Murakawa, Y. Onose, R. Shimano, T. R66m, U. Nagel et al.,
Chirality of matter shows up via spin excitations, Nat. Phys. 8,
734 (2012).

[11] Y. Takahashi, Y. Yamasaki, and Y. Tokura, Terahertz magne-
toelectric resonance enhanced by mutual coupling of electro-
magnons, Phys. Rev. Lett. 111, 037204 (2013).

[12] D. Szaller, S. Bordécs, and 1. Kézsmarki, Symmetry conditions
for nonreciprocal light propagation in magnetic crystals, Phys.
Rev. B 87, 014421 (2013).

[13] I. Kézsmarki, D. Szaller, S. Bord4cs, V. Kocsis, Y. Tokunaga, Y.
Taguchi, H. Murakawa, Y. Tokura, H. Engelkamp, T. R6dm, and
U. Nagel, One-way transparency of four-coloured spin-wave
excitations in multiferroic materials, Nat. Commun. 5, 3203
(2014).

[14] D. Szaller, S. Bordacs, V. Kocsis, T. Room, U. Nagel, and
I. Kézsmarki, Effect of spin excitations with simultaneous
magnetic- and electric-dipole character on the static magneto-
electric properties of multiferroic materials, Phys. Rev. B 89,
184419 (2014).

[15] A. M. Kuzmenko, V. Dziom, A. Shuvaev, A. Pimenov, M.

Schiebl, A. A. Mukhin, V. Y. Ivanov, I. A. Gudim, L. N.

Bezmaternykh, and A. Pimenov, Large directional optical

anisotropy in multiferroic ferroborate, Phys. Rev. B 92, 184409

(2015).

I. Kézsmarki, U. Nagel, S. Bordécs, R. S. Fishman, J. H. Lee,

H. T. Yi, S.-W. Cheong, and T. Rddm, Optical diode effect

at spin-wave excitations of the room-temperature multiferroic

BiFeOs;, Phys. Rev. Lett. 115, 127203 (2015).

[17] S. Bordécs, V. Kocsis, Y. Tokunaga, U. Nagel, T. R66m, Y.
Takahashi, Y. Taguchi, and Y. Tokura, Unidirectional terahertz
light absorption in the pyroelectric ferrimagnet CaBaCo4O7,
Phys. Rev. B 92, 214441 (2015).

[16

—_

[18] S. Toyoda, N. Abe, S. Kimura, Y. H. Matsuda, T. Nomura,
A. Ikeda, S. Takeyama, and T. Arima, One-way transparency
of light in multiferroic CuB,QOy4, Phys. Rev. Lett. 115, 267207
(2015).

[19] T. Kurumaji, Y. Takahashi, J. Fujioka, R. Masuda, H.
Shishikura, S. Ishiwata, and Y. Tokura, Optical magnetoelectric
resonance in a polar magnet (Fe,Zn);Mo3;Og with axion-type
coupling, Phys. Rev. Lett. 119, 077206 (2017).

[20] Y. Iguchi, Y. Nii, and Y. Onose, Magnetoelectrical control of
nonreciprocal microwave response in a multiferroic helimagnet,
Nat. Commun. 8, 15252 (2017).

[21] V. Kocsis, K. Penc, T. R6dm, U. Nagel, J. Vit, J. Romhanyi, Y.
Tokunaga, Y. Taguchi, Y. Tokura, I. Kézsmarki, and S. Bordacs,
Identification of antiferromagnetic domains via the optical mag-
netoelectric effect, Phys. Rev. Lett. 121, 057601 (2018).

[22] S. Yu, B. Gao, J. W. Kim, S.-W. Cheong, M. K. L. Man,
J. Madéo, K. M. Dani, and D. Talbayev, High-temperature
terahertz optical diode effect without magnetic order in polar
FeZnMo;Os, Phys. Rev. Lett. 120, 037601 (2018).

[23] D. Szaller, A. Shuvaev, A. A. Mukhin, A. M. Kuzmenko, and A.
Pimenov, Controlling of light with electromagnons, Phys. Sci.
Rev. 5, 0055 (2019).

[24] J. Viirok, U. Nagel, T. Rodm, D. G. Farkas, P. Balla, D. Szaller,
V. Kocsis, Y. Tokunaga, Y. Taguchi, Y. Tokura, B. Bernéth, D. L.
Kamenskyi, I. Kézsmarki, S. Bordécs, and K. Penc, Directional
dichroism in the paramagnetic state of multiferroics: A case
study of infrared light absorption in at high temperatures, Phys.
Rev. B 99, 014410 (2019).

[25] K. Kimura, T. Katsuyoshi, Y. Sawada, S. Kimura, and T.
Kimura, Imaging switchable magnetoelectric quadrupole do-
mains via nonreciprocal linear dichroism, Commun Mater 1, 39
(2020).

[26] M. O. Yokosuk, H.-S. Kim, K. D. Hughey, J. Kim, A. V. Stier,
K. R. O’Neal, J. Yang, S. A. Crooker, K. Haule, S.-W. Cheong
et al., Nonreciprocal directional dichroism of a chiral magnet in
the visible range, npj Quantum Mater. 5, 20 (2020).

[27] J. Vit, J. Viirok, L. Peedu, T. R6dm, U. Nagel, V. Kocsis, Y.
Tokunaga, Y. Taguchi, Y. Tokura, I. Kézsmarki, P. Balla, K.
Penc, J. Romhdnyi, and S. Bordécs, In situ electric-field control
of thz nonreciprocal directional dichroism in the multiferroic,
Phys. Rev. Lett. 127, 157201 (2021).

[28] A. I. Nikitchenko and R. V. Pisarev, Magnetic and antiferro-
magnetic nonreciprocity of light propagation in magnetoelectric
CuB,0,, Phys. Rev. B 104, 184108 (2021).

[29] N. E. Kopteva, D. Kudlacik, D. R. Yakovlev, M. V. Eremin,
A. R. Nurmukhametov, M. Bayer, and R. V. Pisarev, Zeeman
and Davydov splitting of Frenkel excitons in the antiferromag-
net CuB, 0y, Phys. Rev. B 105, 024421 (2022).

[30] S. Reschke, D. G. Farkas, A. Strini¢, S. Ghara, K. Guratinder,
0. Zaharko, L. Prodan, V. Tsurkan, D. Szaller, S. Bord4cs et al.,
Confirming the trilinear form of the optical magnetoelectric
effect in the polar honeycomb antiferromagnet Co,Mo;0g, npj
Quantum Mater. 7, 1 (2022).

[31] T. Kurumaji, S. Ishiwata, and Y. Tokura, Diagonal magne-
toelectric susceptibility and effect of Fe doping in the polar
ferrimagnet Mn,Mo;0Ogs, Phys. Rev. B 95, 045142 (2017).

[32] K. Park, M. O. Yokosuk, M. Goryca, J. J. Yang, S. A. Crooker,
S. W. Cheong, K. Haule, D. Vanderbilt, H. S. Kim, and
J. L. Musfeldt, Nonreciprocal directional dichroism at telecom
wavelengths, npj Quantum Mat. 7, 38 (2022).

054401-17


https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1038/s41567-018-0051-x
https://doi.org/10.1103/PhysRevLett.89.133005
https://doi.org/10.1103/PhysRevLett.93.037403
https://doi.org/10.1103/PhysRevLett.101.117402
https://doi.org/10.1103/PhysRevLett.106.057403
https://doi.org/10.1038/nphys2387
https://doi.org/10.1103/PhysRevLett.111.037204
https://doi.org/10.1103/PhysRevB.87.014421
https://doi.org/10.1038/ncomms4203
https://doi.org/10.1103/PhysRevB.89.184419
https://doi.org/10.1103/PhysRevB.92.184409
https://doi.org/10.1103/PhysRevLett.115.127203
https://doi.org/10.1103/PhysRevB.92.214441
https://doi.org/10.1103/PhysRevLett.115.267207
https://doi.org/10.1103/PhysRevLett.119.077206
https://doi.org/10.1038/ncomms15252
https://doi.org/10.1103/PhysRevLett.121.057601
https://doi.org/10.1103/PhysRevLett.120.037601
https://doi.org/10.1515/psr-2019-0055
https://doi.org/10.1103/PhysRevB.99.014410
https://doi.org/10.1038/s43246-020-0040-3
https://doi.org/10.1038/s41535-020-0224-6
https://doi.org/10.1103/PhysRevLett.127.157201
https://doi.org/10.1103/PhysRevB.104.184108
https://doi.org/10.1103/PhysRevB.105.024421
https://doi.org/10.1038/s41535-021-00417-3
https://doi.org/10.1103/PhysRevB.95.045142
https://doi.org/10.1038/s41535-022-00438-6

K. V. VASIN et al.

PHYSICAL REVIEW B 110, 054401 (2024)

[33] T. Kurumaji, S. Ishiwata, and Y. Tokura, Doping-tunable fer-
rimagnetic phase with large linear magnetoelectric effect in a
polar magnet Fe,Mo;0g, Phys. Rev. X 5, 031034 (2015).

[34] Y. Wang, G. L. Pascut, B. Gao, T. A. Tyson, K. Haule,
V. Kiryukhin, and S.-W. Cheong, Unveiling hidden ferrimag-
netism and giant magnetoelectricity in polar magnet Fe;Mo3Os,
Sci. Rep. §, 12268 (2015).

[35] Y. S. Tang, S. M. Wang, L. Lin, C. Li, S. H. Zheng, C. F. Li, J. H.
Zhang, Z. B. Yan, X. P. Jiang, and J.-M. Liu, Collinear magnetic
structure and multiferroicity in the polar magnet Co,Mo;Osg,
Phys. Rev. B 100, 134112 (2019).

[36] B. Csizi, S. Reschke, A. Strini¢, L. Prodan, V. Tsurkan, I.
Kézsmarki, and J. Deisenhofer, Magnetic and vibronic terahertz
excitations in Zn-doped Fe,Mo3;0s, Phys. Rev. B 102, 174407
(2020).

[37] Y. S. Tang, J. H. Zhang, L. Lin, R. Chen, J. F. Wang, S. H.
Zheng, C. Li, Y. Y. Zhang, G. Z. Zhou, L. Huang, Z. B. Yan,
X. M. Lu, D. Wu, X. K. Huang, X. P. Jiang, and J.-M. Liu,
Metamagnetic transitions and magnetoelectricity in the spin-
1 honeycomb antiferromagnet Ni;Mo;Og, Phys. Rev. B 103,
014112 (2021).

[38] Y. S. Tang, G. Z. Zhou, L. Lin, R. Chen, J. F. Wang, C. L. Lu,
L. Huang, J. H. Zhang, Z. B. Yan, X. M. Lu, X. K. Huang,
X. P. Jiang, and J.-M. Liu, Successive electric polarization
transitions induced by high magnetic field in the single-
crystal antiferromagnet Co,Mo3Og, Phys. Rev. B 105, 064108
(2022).

[39] L. Prodan, I. Filippova, A. O. Zubtsovskii, S. Shova, S.
Widmann, A. A. Tsirlin, I. Kézsmarki, and V. Tsurkan, Dilution
of a polar magnet: Structure and magnetism of Zn-substituted,
Phys. Rev. B 106, 174421 (2022).

[40] F. Varret, H. Czeskleba, F. Hartmann-Boutron, and P. Imbert,
Etude par effet Mossbauer de lion Fe** en symétrie trigonale
dans les composés du type (Fe, M),Mo3;O0g (M = Mg, Zn, Mn,
Co, Ni) et propriétés magnétiques de (Fe, Zn),Mo3Os, J. Phys.
France 33, 549 (1972).

[41] F. A. Cotton, Metal atom clusters in oxide systems, Inorg.
Chem. 3, 1217 (1964).

[42] D. Bertrand and H. Kerner-Czeskleba, Etude structurale et mag-
nétique de molybdates déléments de transition, J. Phys. France
36, 379 (1975).

[43] S. P. McAlister and P. Strobel, Magnetic order in MyMo3Og
single crystals (M = Mn, Fe, Co, Ni), J. Magn. Magn. Mater.
30, 340 (1983).

[44] S.-W. Cheong and F.-T. Huang, Altermagnetism with non-
collinear spins, npj Quantum Mater. 9, 13 (2024).

[45] S. Ghara, E. Barts, K. Vasin, D. Kamenskyi, L. Prodan, V.
Tsurkan, 1. Kézsmarki, M. Mostovoy, and J. Deisenhofer, Mag-
netization reversal through an antiferromagnetic state, Nat.
Commun. 14, 5174 (2023).

[46] T. Ideue, T. Kurumaji, S. Ishiwata, and Y. Tokura, Giant thermal
Hall effect in multiferroics, Nat. Mater. 16, 797 (2017).

[47] S. Park, N. Nagaosa, and B.-J. Yang, Thermal Hall effect, spin
Nernst effect, and spin density induced by a thermal gradient in
collinear ferrimagnets from magnon-phonon interaction, Nano
Lett. 20, 2741 (2020).

[48] T. Kurumaji, Y. Takahashi, J. Fujioka, R. Masuda, H.
Shishikura, S. Ishiwata, and Y. Tokura, Electromagnon reso-
nance in a collinear spin state of the polar antiferromagnet
Fe,Mo30g, Phys. Rev. B 95, 020405(R) (2017).

[49] T. N. Stanislavchuk, G. L. Pascut, A. P. Litvinchuk, Z. Liu, S.
Choi, M. J. Gutmann, B. Gao, K. Haule, V. Kiryukhin, S.-W.
Cheong, and A. A. Sirenko, Spectroscopic and first principle
DFT+eDMFT study of complex structural, electronic, and vi-
brational properties of M>,Mo;0g (M = Fe, Mn) polar magnets,
Phys. Rev. B 102, 115139 (2020).

[50] S. Reschke, A. A. Tsirlin, N. Khan, L. Prodan, V. Tsurkan, I.
Kézsmarki, and J. Deisenhofer, Structure, phonons, and orbital
degrees of freedom in Fe;Mo3;Og, Phys. Rev. B 102, 094307
(2020).

[51] K. Park, G. L. Pascut, G. Khanal, M. O. Yokosuk, X. Xu, B.
Gao, M. J. Gutmann, A. P. Litvinchuk, V. Kiryukhin, S. W.
Cheong, D. Vanderbilt, K. Haule, and J. L. Musfeldt, Band-Mott
mixing hybridizes the gap in Fe,Mo;0g, Phys. Rev. B 104,
195143 (2021).

[52] Y. M. Sheu, Y. M. Chang, C. P. Chang, Y. H. Li, K. R. Babu,
G. Y. Guo, T. Kurumaji, and Y. Tokura, Picosecond creation
of switchable optomagnets from a polar antiferromagnet with
giant photoinduced Kerr rotations, Phys. Rev. X 9, 031038
(2019).

[53] F. Wu, S. Bao, J. Zhou, Y. Wang, J. Sun, J. Wen, Y. Wan, and
Q. Zhang, Fluctuation-enhanced phonon magnetic moments in
a polar antiferromagnet, Nat. Phys. 19, 1868 (2023).

[54] S. Bao, Z.-L. Gu, Y. Shangguan, Z. Huang, J. Liao, X. Zhao,
B. Zhang, Z.-Y. Dong, W. Wang, R. Kajimoto, M. Nakamura,
T. Fennell, S.-L. Yu, J.-X. Li, and J. Wen, Direct observation
of topological magnon polarons in a multiferroic material, Nat.
Commun. 14, 6093 (2023).

[55] T. Rudolf, K. Pucher, F. Mayr, D. Samusi, V. Tsurkan, R.
Tidecks, J. Deisenhofer, and A. Loidl, Phonon anomalies and
charge dynamics in Phonon anomalies and charge dynamics in
Fe,_,Cu,Cr,S, single crystals, Phys. Rev. B 72, 014450 (2005).

[56] K. Ohgushi, T. Ogasawara, Y. Okimoto, S. Miyasaka, and Y.
Tokura, Gigantic Kerr rotation induced by a d—d transition
resonance in MCr,Sy (M = Mn, Fe), Phys. Rev. B 72, 155114
(2005).

[57] N. J. Laurita, J. Deisenhofer, L. D. Pan, C. M. Morris,
M. Schmidt, M. Johnsson, V. Tsurkan, A. Loidl, and N. P.
Armitage, Singlet-triplet excitations and long-range entangle-
ment in the spin-orbital liquid candidate FeSc,S,, Phys. Rev.
Lett. 114, 207201 (2015).

[58] A. M. Stoneham, Theory of Defects in Solids (Oxford University
Press, Oxford, 1975).

[59] Y. Toyozawa, Optical Processes in Solids (Cambridge Univer-
sity Press, Cambridge, 2003).

[60] J. Deisenhofer, I. Leonov, M. V. Eremin, C. Kant, P. Ghigna,
F. Mayr, V. V. Iglamov, V. 1. Anisimov, and D. van der Marel,
Optical evidence for symmetry changes above the Néel temper-
ature of KCuF3, Phys. Rev. Lett. 101, 157406 (2008).

[61] A. Strinié, S. Reschke, K. V. Vasin, M. Schmidt, A. Loidl, V.
Tsurkan, M. V. Eremin, and J. Deisenhofer, Magnetoelectric
properties and low-energy excitations of multiferroic FeCr,Sy,
Phys. Rev. B 102, 134409 (2020).

[62] S. V. Streltsov, D.-J. Huang, I. V. Solovyev, and D. I. Khomskii,
Ordering of Fe and Zn ions and the magnetic properties of
FeZnMo;Og, JETP Lett. 109, 786 (2019).

[63] Y. Ji, Y. Ding, W. Wang, H. Wang, J. Yang, X. Shen, Y. Yao,
and R. Yu, Direct observation of preferential occupation of zinc
ions in (Fe;_,Zn,),Mo030g, Solid State Commun. 344, 114666
(2022).

054401-18


https://doi.org/10.1103/PhysRevX.5.031034
https://doi.org/10.1038/srep12268
https://doi.org/10.1103/PhysRevB.100.134112
https://doi.org/10.1103/PhysRevB.102.174407
https://doi.org/10.1103/PhysRevB.103.014112
https://doi.org/10.1103/PhysRevB.105.064108
https://doi.org/10.1103/PhysRevB.106.174421
https://doi.org/10.1051/jphys:01972003305-6054900
https://doi.org/10.1021/ic50019a003
https://doi.org/10.1051/jphys:01975003605037900
https://doi.org/10.1016/0304-8853(83)90073-2
https://doi.org/10.1038/s41535-024-00626-6
https://doi.org/10.1038/s41467-023-40722-y
https://doi.org/10.1038/nmat4905
https://doi.org/10.1021/acs.nanolett.0c00363
https://doi.org/10.1103/PhysRevB.95.020405
https://doi.org/10.1103/PhysRevB.102.115139
https://doi.org/10.1103/PhysRevB.102.094307
https://doi.org/10.1103/PhysRevB.104.195143
https://doi.org/10.1103/PhysRevX.9.031038
https://doi.org/10.1038/s41567-023-02210-4
https://doi.org/10.1038/s41467-023-41791-9
https://doi.org/10.1103/PhysRevB.72.014450
https://doi.org/10.1103/PhysRevB.72.155114
https://doi.org/10.1103/PhysRevLett.114.207201
https://doi.org/10.1103/PhysRevLett.101.157406
https://doi.org/10.1103/PhysRevB.102.134409
https://doi.org/10.1134/S0021364019120026
https://doi.org/10.1016/j.ssc.2022.114666

OPTICAL MAGNETOELECTRIC EFFECT IN THE POLAR ...

PHYSICAL REVIEW B 110, 054401 (2024)

[64] B. G. Wybourne, Spectroscopic Properties of Rare Earths (In-
terscience Wiley, New York, 1965).

[65] M. V. Eremin and A. A. Kornienko, The superposition
model in crystal field theory, Phys. Status Solidi (b) 79, 775
1977).

[66] D. Newman and B. Ng, Intermediate symmetry, the superpo-
sition model and induced representations, Mol. Phys. 61, 1443
(1987).

[67] D. Garcia and M. Faucher, Crystal-field parameters in rare-earth
compounds: Extended charge contribution, Phys. Rev. B 30,
1703 (1984).

[68] B. Z. Malkin, Spectroscopy of Solids Containing Rare Earth
Ions (Elsevier, Amsterdam, 1987).

[69] E. Clementi and C. Roetti, Roothaan-Hartree-Fock atomic
wavefunctions: Basis functions and their coefficients for ground
and certain excited states of neutral and ionized atoms, Z < 54,
At. Data Nucl. Data Tables 14, 177 (1974).

[70] V. V. Iglamov and M. V. Eremin, Crystal field theory and elec-
tric field gradients at “Ti nuclei sites in LaTiOs, Phys. Solid
State 49, 229 (2007).

[71] K. Vasin and M. Eremin, Magnetoelectric coupling and spin-
canting in FeCr,0,4 ferrimagnet, J. Magn. Magn. Mater. 537,
168185 (2021).

[72] M. Eremin, K. Vasin, and A. Nurmukhametov, On the theory
of magnetoelectric coupling in Fe,Mo;Og, Materials 15, 8229
(2022).

[73] A. Abragam and B. Bleaney, Electron Paramagnetic Reso-
nance of Transition Ions (Oxford University Press, Oxford,
1970).

[74] A. A. Misetich and R. E. Watson, Gyromagnetic factors
and covalency in iron-series complexes, Phys. Rev. 143, 335
(1966).

[75] Du Maolu and C. Rudowicz, Gyromagnetic factors and zero-
field splitting of #; terms of Cr’* clusters with trigonal
symmetry: Al,O3;, CsMgCl;, and CsMgBr;, Phys. Rev. B 46,
8974 (1992).

[76] M. V. Eremin, K. V. Vasin, and A. R. Nurmukhametov, Crystal
field theory and excitation spectra in Fe;Mo3;Og, Opt. Spectrosc.
131, 447 (2023).

[77] M. Eremin, K. Vasin, and A. Nurmukhametov, Fine structure of
Fe?" multiplets, magnetic anisotropy and interrelation between
magnetic and electric structures in Fe;Mo3;0Og, J. Exp. Theor.
Phys. 137, 506 (2023).

[78] Q. Chen, A. Miyake, T. Kurumaji, K. Matsuura, F. Kagawa, S.
Miyahara, Y. Tokura, and M. Tokunaga, Multiple magnetoelec-
tric plateaus in the polar magnet Fe,Mo;0g, Phys. Rev. B 109,
094419 (2024).

[79] S. Sugano, Y. Tanabe, and H. Kamimura, Multiplets of
Transition-Metal Ions in Crystals (Academic Press, New York,
1970).

[80] B. R. Judd, Second Quantization and Atomic Spectroscopy
(Johns Hopkins University Press, Baltimore, MD, 1967).

[81] B. R. Judd, Optical absorption intensities of rare-earth ions,
Phys. Rev. 127, 750 (1962).

[82] G. S. Ofelt, Intensities of crystal spectra of rare-earth ions, J.
Chem. Phys. 37, 511 (1962).

[83] E. G. Petrov, The exciton model of spin and optical excitations
of an antiferrodielectric, Phys. Status Solidi (b) 48, 367 (1971).

[84] V. V. Eremenko, Y. G. Litvinenko, N. K. Kharchenko, and V. M.
Naumenko, Magneto-Optics and Spectroscopy of Antiferromag-
nets (Springer, New York, 1992).

[85] R. Loudon, Theory of infra-red and optical spectra of antiferro-
magnets, Adv. Phys. 17, 243 (1968).

[86] M. Synek, A. E. Rainis, and E. A. Peterson, Accurate wavefunc-
tions for Fe?* and its excited configurations, J. Chem. Phys. 46,
2039 (1967).

[87] N. M. Avram and M. G. Brik, Optical Properties of 3D-lons
in Crystals: Spectroscopy and Crystal Field Analysis (Springer,
Berlin, 2013).

[88] M. G. Brik and C.-G. Ma, Theoretical Spectroscopy of Transi-
tion Metal and Rare Earth Ions: From Free State to Crystal Field,
edited by M. G. Brik and M. Chong-Geng (Jenny Stanford
Publishing, New York, 2019).

[89] B. Malkin, Crystal field and electron-phonon interaction in rare-
earth ionic paramagnets, in Modern Problems in Condensed
Matter Sciences (Elsevier, Amsterdam, 1987), p. 1350.

[90] Spectroscopic Properties of Rare Earths in Optical Materials
(Springer, Berlin, 2005).

[91] J. Simonetti and D. S. McClure, The 3d — 4p transitions of
Cu™ in LiCl and of transition-metal ions in crystals, Phys. Rev.
B 16, 3887 (1977).

[92] M. F. Reid and B. Ng, Complete second-order calculations of
intensity parameters for one-photon and two-photon transitions
of rare-earth ions in solids, Mol. Phys. 67, 407 (1989).

[93] X. Shang-Da and M. F. Reid, Theoretical intensities of 4f~4f
transitions between stark levels of the Eu** ion in crystals, J.
Phys. Chem. Solids 54, 777 (1993).

[94] M. V. Eremin, Coupling of spins with an electric field in
FeV,0y, Phys. Rev. B 100, 140404(R) (2019).

[95] P. Freund, 70 ENDOR measurements on the (NiOg)!°~ com-
plex, J. Phys. 7, L33 (1974).

[96] P. Freund, Transferred hyperfine interactions between Mg
nuclei and neighbouring Cr** impurities in magnesium oxide
(ENDOR study), J. Phys. 16, 5039 (1983).

054401-19


https://doi.org/10.1002/pssb.2220790244
https://doi.org/10.1080/00268978700101911
https://doi.org/10.1103/PhysRevB.30.1703
https://doi.org/10.1016/S0092-640X(74)80016-1
https://doi.org/10.1134/S1063783407020084
https://doi.org/10.1016/j.jmmm.2021.168185
https://doi.org/10.3390/ma15228229
https://doi.org/10.1103/PhysRev.143.335
https://doi.org/10.1103/PhysRevB.46.8974
https://doi.org/10.61011/EOS.2023.04.56354.66-22
https://doi.org/10.1134/S106377612310014X
https://doi.org/10.1103/PhysRevB.109.094419
https://doi.org/10.1103/PhysRev.127.750
https://doi.org/10.1063/1.1701366
https://doi.org/10.1002/pssb.2220480136
https://doi.org/10.1080/00018736800101296
https://doi.org/10.1063/1.1840999
https://doi.org/10.1103/PhysRevB.16.3887
https://doi.org/10.1080/00268978900101161
https://doi.org/10.1016/0022-3697(93)90141-d
https://doi.org/10.1103/PhysRevB.100.140404
https://doi.org/10.1088/0022-3719/7/2/002
https://doi.org/10.1088/0022-3719/16/25/013

