®
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w k Universititsbibliothek

Magnetoelectric spectroscopy of spin excitations in
LiCoPO4

V. Kocsis, Sandor Bordacs, Y. Tokunaga, J. Viirok, L. Peedu, T. R66m, U. Nagel,
Y. Taguchi, Y. Tokura, Istvan Kézsmarki

Angaben zur Veroéffentlichung / Publication details:

Kocsis, V., Sdndor Bordacs, Y. Tokunaga, J. Viirok, L. Peedu, T. R66m, U. Nagel, Y. Taguchi, Y.
Tokura, and Istvan Kézsmarki. 2019. “Magnetoelectric spectroscopy of spin excitations in
LiCoPO4." Physical Review B 100 (15): 155124.
https://doi.org/10.1103/physrevb.100.155124.

Nutzungsbedingungen / Terms of use: licgercopyright
P -'_-T.\",rl-;!_
Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under these conditions:

A >ﬁ
Deutsches Urheberrecht I a‘fv%. =
s ,{y;

Weitere Informationen finden Sie unter: / For more information see:
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/


https://doi.org/10.1103/physrevb.100.155124
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

PHYSICAL REVIEW B 100, 155124 (2019)

Editors’ Suggestion

Magnetoelectric spectroscopy of spin excitations in LiCoPQ,

V. Kocsis ®,""? S. Borddcs,>? Y. Tokunaga,* J. Viirok,® L. Peedu®,’ T. R66m®,> U. Nagel ©,’
Y. Taguchi,' Y. Tokura,"-® and I. Kézsmarki>’

'RIKEN Center for Emergent Matter Science, Wako, Saitama 351-0198, Japan
2Department of Physics, Budapest University of Technology and Economics and MTA-BME Lendiilet
Magneto-optical Spectroscopy Research Group, 1111 Budapest, Hungary
3Hungarian Academy of Sciences, Premium Postdoctor Program, 1051 Budapest, Hungary
4Department of Advanced Materials Science, University of Tokyo, Kashiwa 277-8561, Japan
SNational Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618, Tallinn, Estonia
SDepartment of Applied Physics and Tokyo College, University of Tokyo, Hongo, Tokyo 113-8656, Japan
7 Experimental Physics 5, Center for Electronic Correlations and Magnetism, Institute of Physics,
University of Augsburg, 86159 Augsburg, Germany

M (Received 25 July 2019; published 14 October 2019)

We have studied spin excitations in a single-domain crystal of antiferromagnetic LiCoPO, by terahertz
absorption spectroscopy. By analyzing the selection rules and comparing the strengths of the absorption peaks in
the different antiferromagnetic domains, we found electromagnons and magnetoelectric (ME) spin resonances
in addition to conventional magnetic dipole active spin-wave excitations. Using the sum rule for the ME
susceptibility, we determined the contribution of the spin excitations to all the different off-diagonal elements of
the static ME susceptibility tensor in zero and finite magnetic fields. We conclude that the ME spin resonances are
responsible for the static ME response of the bulk when the magnetic field is along the x axis, and the symmetric
part of the ME tensor with zero diagonal elements dominates over the antisymmetric components.

DOI: 10.1103/PhysRevB.100.155124

I. INTRODUCTION

The magnetoelectric (ME) effect is the cross induction
of polarization and magnetization by magnetic and electric
field, respectively, as described by the ME tensor forms,
P, = xuH, and poM,, = x,,,E,, where P, (M,,) and H, (E,)
are the u, v = x, y, z components of the electric polarization
(magnetic dipole moment) and the magnetic (electric) field.
The ME effect is often associated with complex magnetic or-
der parameters [1,2], such as the ferrotoroidal [3—8] and ferro-
quadrupolar moments [9], and magnetically induced chirality
[10]. The ME effect provides a handle to manipulate these
exotic spin orders and the corresponding magnetic domains
even in the absence of spontaneous electric polarization or
magnetization; thus, such ME materials have been proposed
as building blocks for novel data storage and memory devices
[11-13]. In some cases, such spin-multipolar orders have been
revealed successfully by spherical neutron polarimetry [5,14]
and x-ray spectroscopy [15] and investigated indirectly using
static ME measurements [4,6,7,16] and second-harmonic gen-
eration microscopy [3,17,18].

In this work, we exploit a different approach to assign
ferrotoroidal and ferroquadrupolar orders which is based on
the measurement of the optical ME effect [8,19,20] using
terahertz (THz) absorption spectroscopy. In a ME medium
counterpropagating light beams can experience different in-
dices of refraction, exhibiting optical directional anisotropy
(ODA), as schematically shown in Fig. 1(b). This com-
pelling phenomenon can be used to measure the dynamic
ME response, also known as the optical ME effect, e.g., in
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resonance with magnon modes at THz frequencies. From the
spectrum of the dynamic ME effect one can also determine the
static ME coupling via the ME susceptibility sum rule [21].
Furthermore, THz absorption spectroscopy can measure the
ME domain population as it has been successfully utilized
to distinguish between the two types of antiferromagnetic
(AFM) domains of LiCoPQOy4 [13] [see Fig. 1(b)]. Here, in the
case of LiCoPQ,4, we demonstrate that the ODA can also be
used to investigate the form and the spectral dependence of
the ME susceptibility tensor and hence to identify different
spin-multipolar orders responsible for the ME effect.

II. ADVANTAGE OF OPTICAL OVER
STATIC ME EXPERIMENTS

When the ME phase appears upon a second-order phase
transition from a high-temperature centrosymmetric and para-
magnetic phase, the ME domains (« and 8) connected by the
spatial inversion and the time-reversal symmetries have ME
susceptibilities of opposite signs, ¢ = —%”. In the absence
of electric (E) and magnetic (H) fields, a multidomain state is
often realized, and the ME effect is canceled on the macro-
scopic scale. When a material possesses ferroelectricity or
ferromagnetism, the P or M domain with an order parameter
parallel to the conjugate electric (E°) or magnetic (H?) field is
selected, respectively. However, when staggered electric and
magnetic dipole orders or higher-order magnetic multipoles
give rise to the ME effect, such direct control is not possible.
Instead, a single ME domain can be selected by the simulta-
neous application of E° and H® fields upon cooling a sample

©2019 American Physical Society
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FIG. 1. (a) The two AFM domains of LiCoPO4; AFM-« and AFM-f are characterized by ME coupling of opposite signs. (b) The
dynamical magnetoelectric (ME) effect produces an absorption difference between light beams with the same polarizations propagating along
the same directions (+z or —z) in the two AFM domains. (c) Polarization of the probing light E“ can be selected either parallel or perpendicular
to the poling electric field E°. Thus, in the dynamic ME measurement both elements of the ME susceptibility, x,, and xy,, can be simultaneously
measured. (d) Electric polarizations and indices of refractions [Egs. (1) and (2)] resulting from symmetric or antisymmetric ME susceptibility
tensors (P = {H) rotate against or together with the magnetic field, respectively. (e) For both the symmetric and antisymmetric forms of %, the
poling field combination (+E?, +H?) selects the AFM-o domain. However, for the 90° rotated poling fields, poling with (+E?, —H) selects
domain AFM-« or AFM-S in the case of antisymmetric and symmetric j, respectively. This is because, with the former and latter forms of %,

the material couples to EVH) T EJH), respectively.

through the ordering temperature, which is often referred to as
ME poling, while E® and H? are referred to as poling fields.
In general, the ME susceptibility tensor is the sum of
a traceless symmetric part (T = %, quadrupolar part), an
antisymmetric part ({7 = —§, toroidal part), and diagonal
(axionlike) elements [2]. In order to visualize using a simple
example how the magnetic-field-induced polarization varies
with the orientation of the field, depending on the actual
form of the ME tensor, we consider a system where the
ME tensor has only two nonzero components, x., and .
Correspondingly, the symmetric and antisymmetric parts of
the ME tensor are given by (xx, + Xyx)/2 and (Xxy — Xyx)/2,
respectively. The symmetric and antisymmetric ME suscep-
tibilities, often associated with quadrupolar and toroidal spin
orders, respectively, behave differently upon the rotation of
external fields in the xy plane, as shown in Fig. 1(d). If the
magnetic-field-induced P is described by an antisymmetric
ME susceptibility, it rotates in the same sense as H does,
while it rotates in the opposite sense when generated by
the symmetric, traceless ME susceptibility. Correspondingly,

if the ME susceptibility tensor is fully antisymmetric, the
selected domain depends only on the cross product of the
poling E° and H° fields [see Fig. 1(e)]. Thus, poling with
orthogonal E® and H® fields of certain orientation selects the
same ME domain as poling with E® and H® fields mutually
rotated by 90° in the xy plane. On the contrary, if the ME
susceptibility tensor is symmetric and traceless, as shown in
Fig. 1(d), the mutual rotation of E® and H® poling fields by
90° yields the selection of the other ME domain.

Static ME (P-H) measurements alone can usually provide
limited information about the form of the ME susceptibility
tensor. Since the same electric contacts are used to apply the
E?° poling field as well as to detect the magnetic-field-induced
P, not all elements of the ME tensor can be measured in
a single experimental configuration. More specifically, in a
different experimental configuration where the E° poling field
is perpendicular to the magnetic-field-induced P, it is difficult
to perform a reliable measurement. In contrast, if the ME
effect is detected optically via the ODA, the polarization
of the probing light beam E® can be chosen independently
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of the poling field direction, either E“ || E® or E® 1 E°, as
illustrated in Fig. 1(c). Thus, both off-diagonal elements, x.,
and x,., can be measured optically for a given ME domain
selected by the poling.

III. STATIC ME EFFECT OF LiCoPOy4

The paramagnetic phase of LiCoPO, is described by a
centrosymmetric and orthorhombic space group (Pnma); that
is, this material does not have any spontaneous electric polar-
ization. The site symmetry of the magnetic Co>" ions allows
local electric dipoles in the xz plane, which are arranged in
a staggered configuration on the four Co sites in the unit
cell of this structure [13]. At Ty = 21.3 K a four-sublattice
Néel-type AFM order emerges with S = 3/2 spins mainly
coaligned along the y axis [22,23]. The two possible AFM
domain states, & and 8, which are also the two ME domains
with opposite signs of ¥, are illustrated in Fig. 1(a). In this
compound, the Néel-type AFM order simultaneously breaks
the inversion and the time-reversal symmetries, which allows
finite x., and x,, components of the ME tensor [4,24-26].
Although a small uniform canting of the spins may further
reduce the magnetic symmetry and generate finite y,, and x.,,
these weak secondary effects can be neglected in the present
study [3,27]. Previously, the magnetically ordered state was
identified as the first example of a ferrotoroidal order [3];
however, the form of the ME tensor, i.e., the relative sign
of x. and x,, has remained an open question due to the
experimental limitations discussed above [27].

We studied single-crystal LiCoPO, samples that were
grown using the optical floating-zone method, similar to the
procedure described in Ref. [28]. The ingots were aligned us-
ing a back-reflection Laue camera and cut into thin slabs with
dimensions of 1 x 5 x 5mm?. Static magnetization measure-
ments up to H = 140 kOe were done using a physical prop-
erty measurement system (PPMS, Quantum Design) equipped
with a vibrating-sample magnetometer option. The magnetic-
field-induced polarization measurements were carried out in a
PPMS using an electrometer (6517A, Keithley) in the charge
O measurement mode.

Following the application of orthogonal poling fields
(E° || y, H® || x) and (E° || x, H° || y), we measured the ME
susceptibility as shown in Figs. 2(c) and 2(d), respectively.
The experimental configurations are illustrated in Figs. 2(a)
and 2(b), respectively. In both orientations, the measurement
was carried out in all four different poling configurations,
namely, with selectively reversed signs of the E® and H°
fields. In the ordered phase E° was switched off, and the
displacement-current measurements were done in sweeping H
field between 1 kOe five times. The magnitudes of the mea-
sured ME susceptibilities at T = 2 K are |x,,|/c = 15 ps/m
and | xy.|/c = 32 ps/m and agree well with those previously
reported in the literature [4]. Poling E° and H° fields of the
same sign select one ME domain, while poling fields of oppo-
site signs select the other ME domain [13]. However, due to
the experimental limitations inherent in the static ME exper-
iments as described above, only the absolute value of one of
the two finite off-diagonal components of ¥ can be measured
for a given orientation of the poling fields. In contrast, if the
ME effect is investigated optically, one can determine both

Xxy and x,, for each poled state, as will be discussed in detail
in the following. This requires only the rotation of the light
polarization by 90° in the plane of the poling fields.

IV. OPTICAL DETERMINATION OF THE ME
SUSCEPTIBILITY TENSOR

Spin excitations with ME character, the ME resonances
[8,29], can be simultaneously excited by the electric (E“)
and magnetic (H”) components of light and therefore can
be exploited to probe the elements of the dynamic ME sus-
ceptibility tensor. Such spin resonances can show a strong
absorption difference for the respective ME domains due to
the opposite signs of the ME susceptibility in the two domains,
a and S. When light propagates in such a material, the oscil-
lating magnetizations in both the o and 8 domains fluctuate in
phase with H*, while the corresponding magnetically induced
polarizations in the two domains oscillate in antiphase with
respect to each other. As a result, the index of refraction for
light propagation along the 4z axis of the crystal is different
for the two domains [30,31]:

NP (@) = @)y (@) + X2/ () (1

for E” || x, H” || y, and

NP (@) = ey (@) — x/P () )

for E” || y, H” || x, where €, and u,, (v = x, y) are elements
of the dielectric permittivity and magnetic permeability ten-
sors, respectively. The light absorption is different for the two
ME (AFM) domains as the ME susceptibility has opposite
signs for them, 3% = —%”. We note that the reversal of the
light propagation direction from +z to —z is equivalent to
the exchange of the ME domains [Fig. 1(a)]; thus, the ODA
also has opposite signs for the two ME domains. The sign
difference between Eqs. (1) and (2) is related to the rotation of
the light polarization. From Egs. (1) and (2), it follows that in
materials with an antisymmetric ME effect (xx, = —x,x) the
differences in the refractive indices of the two AFM domains,
AN; = (N* — NP)/2 and AN, = (N§ — N)/2, are the same
for the two orthogonal light polarizations, AN; = AN, = xy,.
On the other hand, for systems with symmetric ME suscep-
tibility tensor ()., = Xy), the differences in the refractive
indices of the two domains changes sign upon the rotation of
light polarization by 90°, i.e., AN; = —AN, = x.,. We note
here that such changes in the ODA have to be probed on a
single excitation, as the sign of the optical ME susceptibility
is specific to the different excited states.

V. MAGNONS, ELECTROMAGNONS, AND ME
RESONANCES IN LiCoPOy4

Optical absorption spectra of LiCoPO4 were measured at
the National Institute of Chemical Physics and Biophysics,
Tallinn, using a Martin-Puplett interferometer combined with
a superconducting magnet, applying magnetic fields up to
H =170 kOe. The relative absorption spectra recorded at
T = 5K, using linearly polarized light with E“ || y and x, are
shown in Figs. 2(e) and 2(f) and 2(g) and 2(h), respectively.
The sample was cooled to a ME single-domain state in E® =
1 kV/cm and H° = 1 kOe poling fields, respectively, applied
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FIG. 2. Remanent static and dynamic ME effects in LiCoPOy. (a) and (b) Experimental configuration of the E° and H° poling fields. The
color code of (b) corresponds to the simultaneous 90° rotation of the fields of (a) [24]. (c) and (d) Poling field dependence of the P-H curves
atT =5Kfor(c)E° || yand H° || x and (d) E° || x and H° || y poling field configurations. The color codes of (c) and (d) are shown in (a) and
(b), respectively. The slopes of the P-H curves correspond to x,, and x., in (c) and (d), respectively. The sign of the ME effect depends on
the relative signs of the poling fields; note the complete overlap of the red and orange as well as the blue and green curves. (e)—(h) Optical
absorption spectra measured at 7 = 5 K (e) and (g) with poling configurations indicated in (a) and (f) and (h) with poling configurations shown
in (b). Spectra in (e) and (f) were measured using linearly polarized light with EY, HY, while those in (g,h) were measured with E, HY. The
spectra of the dynamic ME coefficients can be calculated as the absorption difference of the different domains, according to Egs. (1) and (2).
The Aa, ODAs in (e) and (f) as well as in (g) and (h) change sign for the rotation of the poling E° and H® poling fields, according to Egs. (3)

and (4), respectively.

along the y and x axes. The low-temperature absorption
measurements were carried out after switching off the poling
fields. The relative absorption spectra were obtained by sub-
tracting a reference spectrum taken in the paramagnetic phase,
at T = 30 K [24]. Thus, the low-temperature spectral features
are related to excitations emerging in the magnetically ordered
state: Two strong (1 and 3) and several weaker (6, 8, 9, and
11-13) resonances appear in the AFM phase.

The poling-field-dependent resonances, 1, 3, 6,9, and 11—
13, are ME resonances since the ME response has opposite
signs in the o and S domains. For the same signs of the
poling fields, (—l—E?, ~|—H)?) and (—E? —H)?), modes 3, 9, and

v

11-13 have large absorptions, while for opposite signs of the
poling fields, (—E?, +H?) and (—l—E)(,’, —HY?), the same modes
show lower absorption. As the magnitude of the absorption
difference for the ME domains is the highest for resonance

3, in the following we will focus on this mode. It appears
when light polarization is E* || y and H” || x; thus, according
to Eq. (2), it probes x,.(w). For static poling fields E° ||y
and H® || x the difference of the absorption coefficients Aa =
2T“’Im( AN) was found to be positive:

Aay = [+ E). —H)) —an(— Ey. —H))]/2 >0, (3)

which is clear from Fig. 2(e). On the other hand, for poling
fields rotated by 90° to E° || x and H® || y the difference of
the absorption coefficients changed sign:

Aay = [ar(+ E). +H)) — (= E). +H))]/2 <0, (4)

as seen in Fig. 2(f). From this we can conclude that if
poling with (+E), —H_) and (—E,), —H})) has selected do-
mains « and B, respectively, then poling with (+E, +H))
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FIG. 3. (a) Optical absorption spectra, measured in six different configurations of E” and H® of the light at T = 5 K, revealing the selection
rules of the magnetic excitations. The inset indicates the color code of the different light polarizations, along with an example where E® | x,
H || z, and k || y. Note the difference in the vertical scales corresponding to the spectral regions below and above the vertical dashed line.
(b) Schematic illustration of an antiferromagnetic resonance (AF-magnon), an electromagnon (E-magnon), and a ME resonance. These modes
are excited by only the magnetic component, by only the electric component, and simultaneously by both components of the electromagnetic
radiation. For the sake of simplicity, we illustrate the excitations with one representative pair of spins M of the magnetic unit cell along with
the respective local polarization P. The dynamic nature of the excitations is captured by curved arrows, which represent in-phase or antiphase
oscillations of M and P. The net dynamic magnetization and polarization of the unit cell are labeled M“ and P“, respectively.

and (—Ef, —i—HyO) must have selected domains 8 and «. It
means that rotation of the poling fields by 90° results in the
selection of the other ME domain, as illustrated in Fig. 1(e).
As discussed in Sec. II and also visualized in Fig. 1(d), the
selection of different ME domains by a 90° rotation of the
poling fields implies that the symmetric traceless part of the
ME tensor dominates over the antisymmetric one; hence,

the symmetric product of the poling fields, (EBH;,) + E)(,’H)?),
governs the poling and not their cross product. This also
means that the magnetically induced polarization counterro-
tates with the magnetic field. Since neither component of the
ME susceptibility changes sign below Ty [4], we concluded
that the symmetric part dominates the low-temperature ME
tensor. As a result, the magnitudes of the traceless symmetric

TABLE I. Summary of the magnetic excitations in terms of exciting fields, optical directional anisotropy (ODA), and classification of the
resonances. This table is based on the zero-field measurements shown in Fig. 3.

Mode Excitation Remanent ODA Class
1 H” | x, E” || y +ODA (small) ME resonance

2 H | z no ODA magnon

3 H® | x, E® | y —ODA (large) ME resonance

4 H” | z no ODA magnon

5 H” | z no ODA magnon

6 H® || x +ODA (100%) ME resonance

7 E® | z no ODA electromagnon

8 E® | x no ODA electromagnon

9 H® || x —ODA (100%) ME resonance

10 H® | z no ODA magnon

11,12,13 present in each polarization ODA character cannot be determined
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FIG. 4. Magnetic field dependence of the optical absorption spectra measured at 7 = 5 K for different combinations of the poling fields.
The reference spectra, taken in the paramagnetic phase (7' = 30 K), were subtracted from the spectra measured at 7 = 5 K. The poling fields
were applied in the (a) (E° || x, H || y) and (b) and (c) (E° || y, H® || x) configurations; the static magnetic field applied after poling was
H || H°. The E® polarization of the electromagnetic radiation was set along the (a) and (b) y and (c) x axes. For the purpose of clarity, each
spectrum is shifted in proportion to the applied field by (a) 25 cm~'/10 kOe and (b) and (c) 10 cm~' /10 kOe.

and antisymmetric components of the static ME susceptibility
are estimated to be ™" /¢ = 23.5 ps/m and x2Usymm /¢ —
8.5 ps/m, respectively, based on the static measurements. The
symmetric part is about 2.8 times larger than the antisymmet-
ric one.

The selection rules were further studied by recoding the
absorption spectra with light polarized along all the principal
axes. The results of this systematic study are summarized in
Fig. 3(a) and in Table I. In total, 13 resonances are observed,
one more than expected from the multiboson spin-wave theory
of a four-sublattice AFM with § = 3/2 spins [13]. Since the
structural symmetry is preserved, no new phonon modes are
expected in the magnetically ordered phase; thus, the origin of
the extra mode is unclear. Figure 3(b) schematically illustrates
the character of the different excitations. In the case of the
usual zone-center magnon modes of antiferromagnets, there is
a finite H*-induced magnetization in each unit cell, as the dif-
ferent magnetic sublattices oscillate in phase. There may be
a dynamic electric polarization associated with the presence
of individual spins, but these local polarizations oscillate out
of phase and average to zero over the unit cell. Thus, these
modes couple to only uniform H® and not E®. In contrast for
an electromagnon (E-magnon), responding only to E“, there is
a finite electric polarization of the unit cell induced by the spin
dynamics, but the dynamic magnetization is canceled due to
the out-of-phase oscillation of the different sublattices. In the
case of ME resonances, both the dynamic magnetization and
polarization of the unit cell are finite; thus, these modes can be
excited by H” as well as E“. Modes 2 and 4 are usual magnon
modes which are excited only by the oscillating magnetic field
of light [13]. Modes 1, 3, 6, and 9 are ME resonances, as
they exhibit ODA and are excited by both the H" and E
components of light. Mode 8 is an E-magnon, as it is excited
only by E{. Modes 11-13 do not show simple selection rules
but appear simultaneously for any polarization of the light,

and they exhibit ODA for H{; thus, they are ME resonances.
In summary, four magnon modes are excited by H? (2,4,5,
and 10), four ME resonances are excited by Hy as well as E}’
(1, 3, 6, and 9), and two E-magnons are excited by £ and E
(7 and 8, respectively).

VI. FIELD DEPENDENCE OF THE
SPIN-WAVE EXCITATIONS

The characters and the frequencies of the spin-wave ex-
citations together with their dynamic ME effect are further
investigated using the magnetic-field-dependent absorption
measurements shown in Fig. 4. The magnetic field depen-
dence of the absorption spectra, measured at 7T =5 K, is
presented in Figs. 4(a) and 4(b) for E“ || y and in Fig. 4(c)
for E“ || x. The reference signal was again recorded in the
paramagnetic phases at 7 = 30 K and subtracted from the
T =5 K spectra. The external magnetic field was applied
in the same direction as the magnetic field used for poling,
H || H°. Since the external magnetic field does not change
the magnetic phase of the sample at low temperature [32],
the domain state selected by the poling is preserved during
the field-dependent measurements. The poling fields E° =
1 kV/cm and Hy0 = 100 kOe are applied in Fig. 4(a). In this
case, the two modes observed in zero field split into four
distinct excitations. Modes 1 and 3 shift to lower energies in
proportion to the magnetic field, while modes 2 and 4 shift
to higher energies. In experiments corresponding to Figs. 4(b)
and 4(c), poling fields of the same magnitude were applied
in the perpendicular configuration, i.e., E® || y and H’ || x. In
Fig. 4(b), only modes 1 and 3 are observed. With increasing
magnetic field, they soften weakly and lose oscillator strength,
while in Fig. 4(c) only mode 2 appears and slightly shifts to
higher energies. In zero magnetic field, mode 2 is a usual
magnon with no ODA; however, due to hybridization to
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FIG. 5. Individual contributions of the different ME spin resonances to the static ME effect, calculated using the ME sum rule. (a) and
(b) Field dependence of y,, for domain «, with H || y and H || x, respectively. (c) Field dependence of y,, for domain «, with H || x. The color
coding and the numbering of the curves correspond to the labeling of the modes in Fig. 4. For x,; and x;, the sum of the different contributions
and their field and temperature dependences are shown in Fig. 6 in comparison with the data from the static measurements.

modes 1 and 3 it also shows considerable directional effect
in finite magnetic fields.

According to the sum rule established in Ref. [21], exci-
tations with ME character contribute to the static ME effect:

&)

c [® Aa(w)
ij(0) = — dw,
35 (0) 27[_/0 w? 7

where Aa(w) is the absorption difference caused by the ODA
for light polarization Ef and H?. If the optical transitions
are well separated in energy, it is possible to estimate the
weight of each excitation to the static ME effect by limiting
the integration around the excitation. We estimate the error
of the individual contributions, originating from the weak
overlap of neighboring modes, to be smaller than +4 ps/m.
The contributions of the respective resonances for domain «
are denoted as ¥“.

The individual contributions of modes 1—4 to the static ME
susceptibility estimated from the data presented in Fig. 4(a)

for HY || y are shown in Fig. 5(a). In this case the polarization
of light E® is perpendicular to the corresponding E° poling
field, and likewise, H* 1 H°, which corresponds to the trans-
verse ME susceptibility in the static limit. The usual magnons,
modes 2 and 4, which are forbidden in zero magnetic field
for the polarization E” and H{’, gain optical weight as well
as a finite contribution to the x;; ME susceptibility in finite
fields (for further details see Fig. S4 in the Supplemental
Material). For fields larger than H = 10 kOe, modes 2, 3,
and 4 have a roughly equal and field-independent contribution
to the static ME effect. In contrast to the other excitations,
mode 1 has a negative and increasing contribution in larger H
field.

Figures 5(b) and 5(c) show the field dependence of the f()";
and Xy, ME susceptibilities for the H || x field in the form of
individual contributions from the different modes calculated
using the ME sum rule on the data in Figs. 4(b) and 4(c),
respectively. Modes 1 and 3 contribute only to xy, while x|
is dominated by mode 2. Note that the contributions to x5
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FIG. 6. (a) and (b) Magnetic field and (c) temperature dependences of the static and optical ME susceptibilities. The optical data were
calculated using the ME sum rule over the complete spectral window. In (a), the gray and blue curves, corresponding to the field dependence
of xg for H || x and H || y, respectively, should coincide at H = 0. Their slight deviation may come, e.g., from the imperfectness of the
ME single-domain state in one of the measurements. (b) the magnetic field dependence of x¢ in applied field H || H° || x. In (c), the optical
spectroscopy measurements were carried out in the absence of H field, while static ME susceptibility was taken in warming runs with H =
10 kOe field. The corresponding, temperature-dependent optical absorption spectra can be found in Fig. S3 [24]. The error bars were estimated

using the average of the ME susceptibilities between +H fields.
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from modes 1 and 3 have opposite signs for any direction of
the magnetic field.

In Fig. 6 the zero-field static ME susceptibility obtained
from magnetocurrent measurements and the sum of the con-
tributions of the studied optical modes are compared. The
value obtained via the ME spectroscopy, x,./c = +20.5 &
2.9 ps/m, is in rather good agreement with the static value
| Xyx|/c = 32 ps/m. In this case the observed ME resonances
explain well the bulk of the static ME response; that is, the
polarization is mainly induced by the spin dynamics associ-
ated with the spin-wave modes observed in our experiment.
On the other hand, x.,/c = —3.1 £2.2 ps/m, deduced from
the optical experiments, is much smaller than the ME suscep-
tibility |x.y|/c = 15 ps/m measured in the static limit. The
most likely explanation for this discrepancy is the presence
of additional ME mode(s) or ME electronic excitations, lying
out of the limited frequency range of our THz absorption
measurement.

VII. CONCLUSIONS

The antiferromagnetic LiCoPOy4 has two possible antifer-
romagnetic domain states with opposite signs of the ME cou-
pling, which can be selected by the simultaneous application
of E® and H® poling fields orthogonal to each other. When
selecting one of the domains by ME poling, the material
shows optical directional anisotropy without any external
fields, where the more transparent and absorbing directions

are interchanged for the two domains. Using straightforward
measurements of THz optical absorption after applying differ-
ent ME poling configurations, we have found that the relative
sign of the two allowed static ME susceptibility terms, xy,
and y,y, is the same. According to our findings, the magnetic
order promotes a cross coupling between electric and mag-
netic degrees of freedoms, which is described by a tensor
with a symmetric (quadrupolar) component larger than the
antisymmetric (torroidal) component. In summary, this optical
method can be utilized to determine all off-diagonal elements
of the ME susceptibility in a wide range of ME materials.
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