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Introduction

The progress in modern technology is based on the discovery of new materials and phys-
ical interactions that increase the efficiency and functionality of devices. One particularly
interesting functionality stems from the coupling between the magnetic and electric de-
grees of freedom, called magnetoelectric effect. Magnetoelectric effect allows to control
magnetism with electric field and charge order with magnetic field. This effect has drawn
enormous interest because it is believed to be the key to achieving cross-control of elec-
tromagnetic properties in solids with minute energy dissipation [1-3]. Variety of possible
applications of magnetoelectric materials are to be found in spintronics, optics, sensing,
data storage and computing [4-10]. Unfortunately, most of the multiferroics show their
functionality substantially below room temperatures where magnetic and charge order
develops. A rare example is BiFeO3 where the control of magnetism has been achieved
through the use of an electric field at room temperature [11, 12].

The magnetoelectric effect is linked to the ordering of magnetic and electric dipoles,
hence revealing itself in materials with coexisting ferro-electric and -magnetic orders,
termed as multiferroics. The ordered magnetic moments produce wavelike motion through-
out the solid. Such a wave was first predicted by F. Bloch in 1929 [13] and is named the spin
wave, a collective excitation of electron spins. Since spins carry a magnetic moment they
interact with magnetic field and with other magnetic moments. In magnetoelectric ma-
terials the spins also interact with electric field. This lead to the discovery of the electric-
dipole active spin wave termed electromagnon [14] and soon after that to the discovery
of the simultaneously electric- and magnetic-dipole active spin wave, the magnetoelectric
resonance [15,16].

One of the most interesting optical effects is directional optical anisotropy, where the
counter-propagating unpolarized light beams passing through a medium can experience
different indices of refraction [17]. This effect was found to be exceptionally large in multi-
ferroic materials at THz frequencies [15] leading to almost one-way transparency [18].
From the unidirectional nature, the optical diodes were realized where the direction of
transparency for the THz radiation can be switched by magnetic fields [15,18-23], electric
fields [24-26] or both [27].

Magnetoelectric materials with low symmetry exhibit anisotropic distribution of charge
and magnetization. Anisotropic exchange interactions between the spins shift the magnon
spectrum from zero to finite frequency [28]. These magnons in general can be detected by
electron spin resonance, THz and INS. If § > 1/2, spin excitations in addition to magnons
are present. These additional spin excitations are invisible to electron spin resonance, THz
and INS, but they gain magnetic dipole activity if there is a strong single-ion anisotropy [29]
or anisotropic exchange interaction [30, 31] and therefore can be probed by these tech-
niques. Furthermore, if the inversion symmetry is broken, magnons and new modes may
gain electric dipole activity [29]. Thus, materials with strong anisotropy and with broken
inversion symmetry should exhibit dynamic magnetoelectric effect of spin excitations, it
is magnetoelectric spin resonances.

THz absorption spectroscopy combined with magnetic field is an excellent probe to in-
vestigate magnetoelectric properties of materials. Firstly, the spin-wave frequencies and
their evolution in magnetic field tell us about the interactions between the spins. This
is a valuable input to spin models from where the exchange interaction and anisotropies
are determined. Secondly, THz spectroscopy with polarized radiation can reveal selec-
tion rules for spin excitations, whether they couple to the magnetic, electric or to both
fields of radiation. For example, inelastic neutron scattering is a powerful tool to study
spin waves but neutrons scatter off from magnetic moments and are insensitive to elec-
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tric dipoles. Because of the electric field of the electromagnetic wave, THz spectroscopy
can also access more exotic spin excitations carrying the electric dipole moment what can
be expressed in terms of spin-quadrupolar operators [29, 30]. Thus, the information ob-
tained with THz spectroscopy is vital in the process of understanding the magnetoelectric
effect and designing new magnetoelectric materials. In the National Institute of Chemical
Physics and Biophysics (KBFI), we employed the THz absorption spectroscopy technique at
low temperature in frequency range between 3 and 200 cm~!, and in magnetic fields up
to 17 T. Using the facilities of the High Field Magnet Laboratory in Nijmegen, Netherlands,
the magnetic field range was extended up to 32 T.

This thesis is about the THz spectroscopic study of two orthophosphate compounds
and demonstrates the switching of non-reciprocal directional dichroismin the Ba,CoGe, 05
crystal. They are all magnetoelectric materials with strong single-ion anisotropy, A >> J.

The first goal of this PhD thesis was to measure the THz absorption spectra and their
magnetic field dependence and to determine the selection rules for observed absorp-
tion lines in orthophosphates LiNiPO4 and LiFePO4. Earlier works where the spin exci-
tations were studied include Raman [32-34] and electron spin resonance [35, 36] spec-
troscopy studies. More detailed information came from inelastic neutron scattering stud-
ies [37-42]. However, the magnetoelectric nature of spin excitations was not revealed. It
is important because LiNiPO4 and LiFePQ4 are sister compounds to LiCoPO4, where the
directional dichroism at spin wave resonances and its switching with applied electric and
magnetic fields has been demonstrated [43]. Based on the similarities of crystal lattices
and magnetic structures, magnetoelectric resonances are also expected to be present in
LiNiPO4 and LiFePO4. Both compounds show magnetic-field-induced abrupt changes of
their spin structure [44, 45]. Therefore, the measurements were extended to magnetic
fields as high as 32T.

The second goal was to demonstrate experimentally the electric field control of THz
non-reciprocal directional dichroism in the multiferroic Ba,CoGe, 0. While the magnetic
field and simultaneously magnetic- and electric-field control of THz light switching is shown
in several magnetoelectric materials [15,18-23,27], compounds where the control of non-
reciprocal directional dichroism is achieved by electric field alone are sparse [24, 46].

This thesis begins with the description of the magnetoelectric effect, spin excitations
and the relation between these two, Sec. 1. Then, in Sec. 2 the detailed overview of the THz
spectroscopy technique, including the mathematical background of the interferometric
method, is presented. The handling of measured THz spectra is described in Sec. 3. Sec. 4
presents the results together with the discussion.

14



1 Theoretical principles

1.1 Multiferroic and magnetoelectric materials

Multiferroics are materials in which two or more primary ferroic orders (ferromagnetism,
ferroelectricity, ferroelasticity and ferrotoridicity) coexist simultaneously in the same phase
[47]. The ferroic orders have an order parameter that can be switched by its conjugate
field, meaning that the magnetization M created by ferromagnetic order can be switched
by applying magnetic field H, electric polarization P in ferroelectrics by electric field E,
strain € in ferroelastics by stress p and the magnetic whirls in ferrotoroidal order by ap-
plying crossed electric and magnetic field E x H [48, 49]. From here on we will use the
term multiferroic (MF) for materials which have simultaneously (anti-)ferroelectric and
(anti-)ferromagnetic order. Many multiferroic materials also exhibit the magnetoelectric
(ME) effect where the cross coupling of electric and magnetic degrees of freedom allow
the control of P with H and M with E [1, 6, 50], see Fig. 1. The ME coupling has been the
main center of research interest in multiferroics as it has high potential for future appli-
cations [51-57]. Compared to multiferroics where at least two primary ferroic orders are
needed, the magnetoelectric materials are not restricted to ferroic orders [49, 58]. Quite
often the magnetoelectrics still possess ferromagnetism, but lack a transition tempera-
ture for electric order and by definition then the ferroelectric order. The electric polariza-
tion can be magnetically driven through distorted structure around the magnetic atoms,
discussed further in Sec. 1.2.2.

Although the ordering is natural there are only a few strong magnetoelectric multifer-
roics. While magnetic materials can be simultaneously insulating or conductive, ferroelec-
tric materials can be solely insulating as otherwise the electric field would induce electric
current rather than switch the ferroelectric domains. Furthermore, the ferromagnetic
order originates from the localized electrons that in case of rare-earth ions and transi-
tion metals comes from a partially filled d or f electronic orbitals. In ferroelectrics, for
example with ABO3 pervoskite structure, the electric polarization is induced from the off-
centre shift of the B-cation inside the oxygen cage. This shift breaks the centrosymmetry
and creates an electric dipole. But to minimize the Coulumbian electrostatic repulsion of
the surrounding oxygen anions the B-cation has to have d° electron configuration, e.g.
empty d orbitals [59]. Therefore it is usual that in multiferroic materials ferroelectric and
ferromagnetic orders have different origin [60].

Macroscopic orders act differently under spatial inversion and time reversal opera-
tions, see Fig. 2. On time reversal operation magnetic moments change direction, but
not upon spatial inversion. At the same time electric dipoles are invariant under time
reversal but reversed under spatial inversion. Thus ferroelectrics have broken inversion
symmetry and ferromagnetics have broken time reversal symmetry.

1.2 Classification of magnetoelectric multiferroic materials

Magnetoelectric multiferroic materials can be classified as type-1 and type-ll [60]. In type-
I multiferroic materials magnetism and ferroelectricity rely on independent mechanisms
to occur. In this group it is usual that the ferroelectric transition takes place at a higher
temperature while magnetic moments order at lower temperatures. As the ordering oc-
curs at different temperatures, the domains accompanied by ferroic orders can exist in-
dependently from each other. In type-Il multiferroic materials the ordering of magnetic
moments breaks the inversion symmetry and by that induces the ferroelectric order. This
allows stronger coupling between magnetism and ferroelectric polarization than in type-
| MF materials. Magnetically-driven magnetoelectric materials, i. e. type-ll, allow easy
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All isolating materials are polarizable (D=¢E)

and magnetizable (B =u-H)
Magneto-
electric

Figure 1: (a) Primary order parameters magnetization M, polarization P and strain € with their con-
jugate fields: magnetic field H, electric field E and stress p. In multiferroics different parameters
and conjugate fields can be cross coupled leading to magnetoelasticity, piezoelectricity and mag-
netoelectricity. This panel is reproduced based on Ref. [61]. (b) Venn diagram for electromagnetic
insulators. Ferroic materials that are magnetically and electrically polarizable are multiferroics. The
magnetoelectric effect can exist in materials with ferroic orders or in materials that are electrically
and magnetically polarizable. Panel (b) is reproduced based on Fig. 3.11in Ref. [62].

@ Multiferroic

manipulation of magnetization by electric field that is essential for applications. Major
mechanisms for type-l and type-ll multiferroic materials are described in the next sec-
tions. It is important to note that the main mechanisms can coexist in materials. LiNiPOg4,
LiFePO4 and Ba,CoGe, 07 samples discussed in this thesis are type-1l ME materials. While
in LiNiPO4 and LiFePO4 the magnetoelectric effect arises from the connection between
superexchange, Dzyaloshinskii-Moriya interaction or elastic distortions [41, 45, 64, 65],
the electric polarization in Ba;CoGe,0y is created through the p-d hybridization mech-
anism [66].

1.2.1 Type-l multiferroic materials

The magnetoelectric mechanisms in type-l multiferroics can be classified, depending on
how the ferroelectric polarization emerges.

Lone-pair mechanism

The lone-pair mechanism is based on the violation of the inversion symmetry by va-
lence electrons that do not participate in chemical bonds [60]. These lone pair electrons
are highly polarizable and can produce a local electric polarization. The lone pairs are
nearly spherically distributed in the absence of the bond, but if surrounded by the oxy-
gen anions they shift away from the centrosymmetric positions because of electrostatic
repulsion and form a lobe-like localized distribution. If the local electric dipoles order
they produce a ferroelectric order. This mechanism can result in a very large electric po-
larization with transition temperature well above room temperature. The most famous
room temperature multiferroic compound with lone-pair mechanism is BiFeO3. BiFeO3
has an electric polarization of 100 uC/cm? [70] and a ferroelectric transition temperature
of 1100K [71]. The G-type antiferromagnetic order of B sets in below Ty = 640K [72]. In
BiFeOj3 the electric polarization is from the lone-pair 6s electrons of Bi3*, while the mag-
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Figure 2: Ferroelastic, ferroelectric, ferromagnetic and ferrotoridic orders under spatial inversion
and time reversal symmetry operation. This illustration is reproduced based on Fig. 2 in Ref. [63].

a Lone-pair mechanism b Geometric ferroelectricity ¢ Charge ordering

@ o~ O Fer (O Rare-zarth ion
C) Bi** ° Fel* O Mn3*

Figure 3: Mechanisms for coexisting magnetic and electric long-range order in Type | multiferroic
compounds. (a) The lone-pair mechanism for electric polarization in BiFeO3. The lone pair shown
as red isosurface of the electron localized function originates from two electrons that shift away
from BiP™T ion toward the FeOg octahedra. This lone pair shift induces a electric polarization P in the
[111] direction. (b) The geometric ferroelectricity in h-RMnQOs. The shift of the R-ions originates from
the movement of the MnOs bipyramids which leads to a ferroelectric polarization P along the [001]
axis [67]. (c) The ferroelectricity from charge ordering in LuFe,03. The alternating layers with the
Fet and Fe3" ions with ratios 2:1and 1:2 results in the spontaneous ferroelectric polarization [68].
This illustration is produced based on Fig. 1in Ref. [69].
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netism is from the Fe3td ions. The lone-pair effect of BiFeOs is illustrated in Fig. 3(a).
Geometric ferroelectricity model

Geometric restriction can result in the distortion of the crystal lattice that produces
polar distortions and by that the geometric ferroelectricity, see Fig. 3(b). Structurally the
polar distortion is often produced by the rotation of oxygen polyhedra like bipyramids that
have rare-earth ions inside.

The rotation of trigonal bipyramids is responsible for ferroelectricity in the family of
hexagonal rare-earth manganites h-RMnQO3 where R is a rare-earth ion in range of Ho-Lu
and Y [67]. This family of geometric ferroelectrics has a high Curie point, Tc < 1200K,
while antiferromagnetic order sets in below room temperature at Ty = 120K [73,74].

Another example of geometric ferroelectricity is the family of layered barium transition
metal fluorides BaMF4 with M = Mg, Mn, Fe, Co, Ni or Zn, which develop ferroelectric or-
der around T¢ < 1000K [75]. Not all members of this family have a magnetically ordered
phase at low temperature. Members with M = Mn, Fe, Co, or Ni order antiferromagnet-
ically with 7Ty in range from 20 to 70K [76, 77]. This family is interesting because of its
very small electric polarization (~0.01 u C/cm~2) that is coupled to a weak ferromagnetic
moment, allowing an easy reversal of the magnetic moment with electric field.

Charge ordering model

When localized valence electrons distribute unevenly around their host ions they can
generate a periodic sequence of differently charged ions that results in ferroelectric po-
larization. This mechanism has been proposed in several compounds, including organics,
LuFe;04 [78,79], Fe304, Pr;_,Ca,MnO3 [80] and RNiO3. LuFe,04 was the first compound
where the charge ordering mechanism of creating ferroelectricity was proposed. In this
compound the alternating ions of Fe?* and Fe** produce a charge order at 330K, see
Fig. 3(c). Because the ions creating ferroelectric order in these materials are magnetic,
like Fe in LuFe, 04, they exhibit the magnetic order at low temperature and are multifer-
roic. Although the charge ordering concept is believed to exist, many compounds in which
it was initially proposed have been later questioned [81, 82].

1.2.2 Type-Il multiferroic materials

The electric polarization in the type-Il magnetoelectric multiferroics is induced by the
long-range magnetic order. In this class the electric and magnetic degrees of freedom are
strongly coupled although the induced electric polarization is much smaller than in type-I
magnetoelectric multiferroic materials. The three main mechanisms for type-Il multifer-
roics are discussed next.

Exchange striction model

The exchange striction model is based on the alternating chain of magnetic ions, Mx
and Mg, that in the magnetically ordered state break the inversion symmetry as discussed
next. When different magnetic ions order, they can shift closer in pairs to minimize the
exchange energy, illustrated in the first column of Fig. 4 . This shifting introduces al-
ternating bond lengths, My — Mg, that break the inversion symmetry and allow electric
polarization. It should be noted that this mechanism is independent from relativistic
spin-orbit coupling [83]. The exchange interaction model permits stronger ME coupling
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Exchange striction model

Pyj o T5(S; - Sj)

Inverse DM model
(Spin current model)

Pij X €45 X (Sz X SJ)

Spin-dependent
p-d hybridization model

x (Si E eil)Qeil

(a)

Q@ @ O @P=0

(d)

e
Q—+Q P=0
M X M

()}

€il
Q—’PO P=0
M X

"o 4h o

b Py for

P

(e)
Sb Os,

iR

(h)
Siﬁ Q P=0
@g 0 P

COCD e
D@D @»+

Figure 4: The three major mechanisms of spin induced electric polarization in type-lIl magnetoelec-
tric multiferroics. The (a)-(c) illustrate the exchange striction model which arises from symmetric
exchange interaction, (d)-(f) show the inversed Dzyaloshinskii-Moriya model also known as spin cur-
rent model that is governed by the antisymmetric spin exchange interaction and (g)-(i) illustrate the
spin-dependent p — d hybridization model. The P is the electric polarization and the blue arrow next
to it indicates the expected direction, the I1;;, e;; and e;; are the unit vectors connecting the mag-
netic M ion sites or magnetic to ligand X ion sites. Each column illustrates the examples depending
on whether the ferroelectric polarization is generated or absent for a given model. This illustration

is reproduced from Ref. [2].
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than magnetism-driven polarization that relies on the spin-orbit coupling effects or on the
Dzyaloshinskii-Moriya mechanisms (described in next paragraph) [84].

The electric polarization induced by exchange striction model for a spin pair S; and S;
along crystallographic direction IT;; is

Pij%H,'j(S,“Sj). (1)

The exchange striction mechanism is mainly responsible for the macroscopic ferroelectric
polarization in the perovskite-type manganites RMnO3 (R = Ho, Er, Tm, Yb, and Lu) [85],
the manganese oxides RMn,0s (R =Y, Yb, Ho, Er, and Tm) [86] and in the CaBaCo407 [87].

Inverse Dzyaloshinskii-Moriya model

Ferroelectric polarization created by the inverse Dzyaloshinskii-Moriya model is de-
scribed as
P’N"e,'jX(S,'XSj), (2)

where the S; and S; are spins on different sites and e;; is the unit vector connecting the
two sites.

The perquisite for this mechanism is that the crystal has to have a non-collinear mag-
netic structure. There are two distinct models which can be used to derive the Eq. (2). In
the first model, the ferroelectric polarization is created due to the symmetry requirements
of Dzyaloshinskii-Moriya interaction which forces the ligand X to be displaced from the
vector connecting the two magnetic ions [68]. In this model the ferroelectric polarization
is parallel to the ligand displacement direction, see Fig. 4(e). In the second model, the
ferroelectric polarization is created by the spin currents through the electronic orbitals
without the deformation of lattice, see Fig. 4(f) [88]. As both these mechanisms reach
the same description of P the inverse Dzyaloshinskii-Moriya model is often referred as
the spin current mechanism.

A good example is the perovskite BiFeOs. Its spontaneous polarization in the spin-
cycloid phase can be described by the spin-current mechanism [22]. In other perovskite
type manganites, RMnO3 (R = Th, Dy), the ferroelectric polarization can be described
with the Dzyaloshinskii-Moriya model [89-91].

Spin-dependent p-d hybridization model

The spin-dependent p-d hybridization model is based on an polar bond that can be
modulated by the spin direction dependent hybridization through spin-orbit coupling, see
the last column of Fig. 4. The electric polarization is created on a single spin site and is
independent of the neighboring spins. The direction of the electric polarization depends
on the direction of the spin compared to the direction of the ligand bond, see Fig. 4(h).
The p — d hybridization induced electric polarization of the polar bond e;; that connects
spin site i to a ligand site [ is

P~ (Si-ey) ey (3)

This model is used to explain the multiferroic properties of different compounds in
the akermanite family, Ba,XGe,0; (where X = Mn, Co and Cu) [66] and A;CoGe;07
(where A = Ca and Sr) [92, 93]. In Ba,CoGe, 07 it was also shown that this mechanism
combined with magnetic field can induce electric polarization in the paramagnetic phase
where the long range spin order is absent [94, 95]. The magnetoelectric spectroscopy
results of Ba,CoGe, 07 are discussed in the Sec. 4.2.
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1.3 Magnetoelectric effect

1.3.1 Static magnetoelectric effect
The intrinsic ME effect, predicted by symmetry arguments in 1894 by Pierre Curie [96], is
defined as any coupling between the magnetic and electric properties of material. The
effect was experimentally demonstrated on Cr,03 in 1960s [97]. Although the ME effect
got rigorous attention in 60s and 70s it only reached wider audience at the start of 21st
century with the realization of its advantages for applications [98].

Thermodynamically, the ME effect is traditionally described in Landau theory and can
be expressed by the expansion of the free energy of a material [1, 6, 58]. The free energy
in dc limit using the Einstein summation convention is

1 1
F(E,H) =F) — PE; — M> uoH; — 80X EEj — S Moy " HiH
—V/&Ho ;i EiHj — v/&Hox i E,;H; (4)
1 1
- EBijkEiHij — S YiHiE R =

where subscripts (i, j,k) refer to the three components of a variable in spatial coordi-
nates, E is the electric field with components {E;, E;, E;}, H is the magnetic field with
components {H;, H;, Hy }, M[S and P,S are the components of spontaneous magnetization
M3 and polarization PS, F, is the ground state free energy without applied fields, & and
Mo are the dielectric and magnetic susceptibilities of vacuum, %7 and x;7™ denote the di-
electric and magnetic susceptibilities, B« and ¥, are the third-order tensors of dielectric
and magnetic susceptibilities. The third-order tensors describe the magnetic and electric
quadrupolar effects. The x}‘i‘e is the component of the dimensionless tensor ™€ which
accounts for the magnetization induced by electric field. The electric polarization created
by applied magnetic field is described with the dimensionless tensor 7™ with the compo-
nents of xfjm From the free energy we can get the magnetization with derivative of F in

HasM = —% 3—{1 and electric polarization with derivative of F inE as P = —g—g [58,99]:

[ & 1
Ml‘(E,H) :MiSJrX;?mH/‘Jr %XE?CE.;*F&/']{E,‘H;JFEjﬁjkEjEkJr"', -
5
1
P,(E,H) = PiS —‘re()Xiej?Ejﬁ-\/eoﬂoxit}mHj + Eﬁiijij'i'yiijiEj""

Higher order terms 3;x and 7 x are often neglected as their contribution is usually
small compared to the ¥™° and %™, which define the linear ME effect,

5, me
poM=x B (6)
P=j}"H.

The 7™° and §°™ tensors are interconnected in the static limit, @ = 0, through the Kubo
formula, see Sec. 1.3.4, with the relation 7™ = (Zme)T, where T is the matrix transpose
operator. According to the Neumann'’s principle the magnetoelectric tensor should re-
flect the ground-state symmetry of the magnetic crystal. Defining that the linear energy
& = ¥*™EH should not change by applying a symmetry operation, i.e space inversion op-
eration acts as [& = &. The space inversion reverses E while leaves H preserved, acting
onenergy as /& = °™ (—E) H, and because the & should not change we get §°™ = — 7™
which is only possible if ™ = 0. The same can be shown for time reversal T, which re-
verses H while leaves E intact. In conclusion, the ME tensor has non-zero elements only
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if the time-reversal and space-inversion symmetry are simultaneously broken, as then the
& is preserved.

From Eq. (5) it is imminent that for the ME effect the material doesn’t have to have
simultaneous (anti-)ferromagnetic or (anti-)ferroelectric orders. Also large values of ™
and §™¢ are not a prerequisite for the material to be (anti-)ferroelectric or (anti-)ferromag-
netic. However, materials that exhibits ferroic orders are liable for a strong linear magne-
toelectric effect, as they often possess large susceptibilities which define the thermody-

namic limit for ™€ as [1]
Xjio <A\J XX (7)

1.3.2 Dynamic response of linear magnetoelectric effect

To understand the light propagation in magnetoelectric materials and the optical ME effect
we first have to describe the dynamic ME effect. For simplification we cover the linear ME
regime, neglecting the higher order terms of Eq. (5). The dynamic response of polarization
and magnetization reads as

PO = &) 7*(@)E® + /@l (0)HY,

Ma) — )fzmm(w)Hw_’_ %zme@o)Ew.
0

(8)

where frequency-dependent susceptibilities can be found as

P oM?®
~ee _ ~mm _
X (w) JE® szo’ X (w) JH® H‘“:O’
(9)
(o) = X (@) = M
IH® oy’ IE® [go_g

From here on the susceptibilities are written without the frequency, o, dependence. The
electric displacement D® and magnetic induction B® are defined as

D® = gE® +P?,

Using the Eq. (8) and Eqg. (10) we get

D® = B (1+2) + V&l A" HC,
B = poH® (1+ ™) + /Ho&o 2™ E”.

The last equation could be simplified by using the relations of dielectric permittivity,

(M)

e=1+7%%, (12)
and the magnetic permeability,

= (13
in form,

fo1+3m, (14)

where it is assumed that the effect of magnetization is small compared to the applied
field, y™ < 1.
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1.3.3 Nonreciprocal directional dichroism

In the following analysis we consider a plane wave at location r with frequency w as
E® (r,t) = EQe @ kT (15)
Hco (r,t) — H(c)oefiwteik-r’

where k is the wavevector and ¢ is time. The propagation of these waves is described by
the following Maxwell equations in the insulating medium,

k-D®=0, kxE®=wB®,

16
k-B®=0, kxH®=—-wD?. (16)
By substituting the Eq. (11) into the right hand column of Eq. (16) we get
kxE® = 0[uH? (1+2™) + /g2 "E”], (17)
k< HO = —0 [0 (1+ 1) + /&0 "HO).
The refractive index N is introduced as
c k
N=—Ik|= k] (18)
w /& Ho

where c is the speed of light in vacuum and N = |N|. The refractive index is a complex

function N = n + ik where n is the index of refraction and % is the extinction coefficient.

In non-ME materials ™ = #°™ = 0, and in isotropic materials Eq. (17) gives N = \/ﬁ
It is convenient to show Eq. (17) in matrix form with the relations of Eq. (12) and Eq. (14),

—8@ /g '\em_l’% E“’ R Ew
@ ngle_ﬁx \/Tpﬁfﬁ ) :| ( H? ):wA(kX)< H® ) =0, (19)

where k, = kx is the cross product operator. This equation has non-trivial solutions for
Eq. (18) if the determinant of the matrix A(ﬁx) is zero. However, the low symmetry of
MF materials can make that a tedious calculation, as the quartic equations for the index
of refraction are hard to solve analytically. One workaround is to define a magnetic sym-
metry and to determine the non-zero susceptibility tensors components from symmetry
principles. Then the solutions of refractive index can be derived depending on the light
propagation direction [18]. The solution of Eq. (19) for Eq. (18) yields a refractive index for
individual polarizations Eg’ and H;", where & # 7, in +k and —Kk directions.

If linearly polarized light is travelling through a thin sample where the light polarization
is almost preserved, the index of refraction can be approximated by

N5 ()~ \feas(@)zy(0) £ 2 [250(0) + 255 0)] (20)

where the indices {7, 8} define the directions of oscillating fields {H® ,E®}, respectively
and the = defines the direction of light propagation. The term £4 {ng;l(a)) + 2y5 (©)

determines whether the refractive index is different for oppositely travelling waves. In
this equation the off-diagonal elements of tensors & and [I are neglected as the diagonal
components dominate over them in leading order of refraction index.

The absorption coefficient is related to the imaginary part of the refractive index as,

k() = 2%31\7;';(@). (21)
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Table 1: The optical effects of spin-waves arising from the dynamic susceptibility tensor elements that
are related to the linear ME effect. The indexes o, B = x,y,z where o # . The table is reproduced
from Ref. [101].

Optical effects Susceptibility
Magnetoactive absorption Xoor
Electroactive absorption X

Faraday rotation x&“ﬁ“ — xglgl, ngﬁ — XE%
Natural circular dichroism (NCD) X — X
Nonreciprocal directional dichroism (NDD) x&ng +X5r3

The nonreciprocal directional dichroism is defined as the difference of absorption by
counter propagating waves [100] as

Aoc;f(';(a)) = oc;fg(a)) — ocyf(';(w) = 2?3 [x;ism(w) +x§‘;(a))} ) (22)

NDD is only one of the optical effects that arises from the dynamic susceptibilities. Other
optical effects and their relation to the dynamic susceptibilities are summarized in Table 1.

1.3.4 Magnetoelectric susceptibilities derived from Kubo formula

The microscopic description of the ME effect is governed by the Kubo formula, that defines
the linear response of a quantum system to a time-dependent small perturbation [102].
Here the perturbation is an electromagnetic field where the electric and magnetic field
components are oscillating at frequency ®. According to the Kubo formula optical sus-
ceptibilities at finite temperature are [100,103]

VC e_ﬁhwnie—ﬁhﬂ)m y <n‘Py‘m> <m‘P5|n>

ee _ Y
Xys (2)= &oh P Y, e Bhoi 7 — Oyt O ) (23)
xmm(z) [ HoVe Z e_ﬁhwn - e_ﬁhwm ~ <I’l ’MY‘ m> <I’I’l ‘M5|n> (24)
" h m,n Zi eiﬁhwi 72— O+ Oy ’
18 h\ e by LiePho =0+,
() = Ve /& e~ Bhon _ o—Bhon, y (n|Ps|m) <m ‘My| n> (26)
or h € m,n Zie_ﬁhwi Z— O+ Oy ’

where z = @ + i€ is complex frequency, € — 0+; |n) and |m) are eigenstates with ener-
gies iw, and oy, respectively. M, and Ps are the operators of the magnetic and electric
dipole density, V. is the volume of the unit cell and 8 = (kgT)~! is the inverse temper-
ature. If the transition matrix element (m| Py|n) is finite then the transition |n) — |m) is
electric dipole active and the charge susceptibility x;fs () is non-zero. Similarly, when the
transition matrix element (m| Mg |n) # 0, then the magnetic dipole active transition is al-
lowed and the susceptibility 75" (z) is non-zero. ME susceptibilities 5 (z) and x5y (z) for
the transition [n) — |m) are non-zero if both matrix elements, (m|Ms|n) and (m|Py|n),
are finite, it is [n) — |m) is simultaneously magnetic-dipole and electric-dipole active.
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At zero-temperature limit the excitations are from the ground state |0) and % =

1. Then the Eq. (25) has the form

o oy [<0\My!m> m|Ps|0)  (m|M,[0)(0|Ps|m)

x'yé ( (27)

W 2+ 0y

For simplification we introduce a notation MP = (0|My|m) (m|P5|0) and separate the
transition matrix elements to real and imaginary part as

(0|My|m) (m|Ps5|0) = R(MP)+iS (MP). (28)
Since M, and Pj are Hermitian,
(m|My|0)(0|Ps|m) = ((0|My|m) (m|P5|0))" = R(MP) — i3 (MP). (29)

By using these relations we can rewrite the Eq. (27) as

me, Ve [Ho +i3 (MP)  R(MP)—iS (MP)
26 (2) = Z{ z—com 2+ W ]
=% 'uOZ{ER(MP)< L1 )+'S(MP)< ! + ! )]
- h & o 2=0n 2+ 0y l I=0n 2+ 0 )
(30)

In the limit of vanishing imaginary part of complex frequency, z = o + i€, we have

1
lim - =
e~0W+ietw, Loy,

—ind(w+ ay), (31)

where the imaginary part follows from the definition of delta-function,

1 €
= —lim ——. 32
O) = lim e (52)

Making these substitutions the zero-temperature ME susceptibility, Eq. (30), becomes

Zwm
g5(0) =~ R TS 0ap) 72 im0 30 0,) - (0 + 0,)
+ i3 (MP) % + 73 (MP) [6(@ — @) + 8(0 + 0)]
: (33)
From this equation the imaginary and real parts of x%e(a)) can be separated,
Ry () Ho v YR (MP) 22 4 23 (MP) [3(0— @) + (0 + )]
X 8() w wrzn m a)m 9
(34)
3y () “OZ{ wz“’wz—ns)t(MP)[5(w—wm)—5(w+wm)}}.
(35)

For the time-reversal even operator, (Py )’ = Py, and time-reversal odd operator, (My)' =
—Mg, it holds [104, p. 219]

({m| P |n))" =+ (n|Po|m), (36)
((m|Mg |n))" = —(n|Mc|m), (37)
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where (...) is the time-reversal operation. Therefore, the real part of the transition matrix
element product, MP = (0|M,|m)(m|Ps|0), is antisymmetric under the time reversal
while the imaginary part is symmetric. By that the ME tensors, Egs. (34) and (35), are
connected by the time reversal symmetry as (x;}g")’ = —xgr}‘,‘. In the zero-frequency limit
ME susceptibility is real and if @,, > 0 only the real part of the matrix element product
(0|My| m)(m |P5| 0) contributes to the static ME susceptibility:

2, % ((0|M P50
%w%:g*égz (<‘szm|d>) (38)

1.3.5 Magnetoelectric sum rule

The NDD of spin-wave excitation is connected to the static ME effect through the ME sum
rule [100]. While it can be derived through Kramers-Kronig relations, it can also be ob-
tained from Kubo formulas, Egs. (22) and (38), as described in the Supplemental Material
of Ref. [100]. The ME sum rule connects the directional dichroism spectra of magneto-
electric excitations to the linear ME susceptibility as

c < Aa(w
a0 =2 [ 24 o, ()

where & stands for the Cauchy principal value integral.

According to this sum rule, the main contribution to the static ME effect comes from
low energy ME excitations as the absorption difference, Aa is suppressed by the @2 in the
denominator. The sum rule defines the importance of the characterization of dynamic ME
excitations in order to obtain additional information about magnetoelectric effect that is
not possible with the static experimental techniques.

1.4 Spin precession dynamics

Fundamentally, magnetic materials contain atoms with net magnetic moments u that
strongly interact with each other. However, it is convenient to ignore the atomic nature
and characterize the dynamics of magnetic moments through a vector field. Here the vec-
tor field is the magnetization, i.e magnetic moment per unit volume. This micromagnetic
description of magnetization was first formulated by Landau and Lifshitz [105] for an arbi-
trary body with preferred direction of magnetization. They were interested how regions of
magnetic domains are created inside the material and how the domains change in time in
response to the external magnetic field. In this Section we will derive the Landau-Lifshitz
equation and show how it leads to the dynamic magnetic susceptibility what describes
the THz absorption spectrum of spin-waves.

1.4.1 Landau-Lifshitz equation

To derive Landau-Lifshitz equation we have to understand the precession of magnetic mo-
ments. Electron, in addition to orbital angular momentum, L, has internal angular mo-
mentum, spin S, making the total angular momentum,

J=L+S. (40)

From the classical mechanics it is known that the time evolution of angular momentum
equals to the torque that is applied to the body:

dy

o T (41)
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The total angular momentum is related to magnetic moment p through the gyromagnetic
ratio y as

u=-v, (42)
with the minus from the electron’s negative charge. The gyromagnetic ratio is defined as
e
Y=g i ) (43)
2m,

where g is the Landé g factor, e is the electron charge and m, is the electron mass. The
magnetization of body M is equal to the sum of all magnetic moments per volume unit:
Np

where N is the number of magnetic moments and V is the volume of the sample. Lets
assume there is an effective magnetic field, uoHT = B°f, acting on electron. B induces
a torque on the magnetic moment [106],

T=p x B, (45)
which can be rewritten through Eq. (44) as
T= %M x BT, (46)
We can derive the J through Egs. (42,44) as
j= k- M (47)
Y YN

Using the last two equations and Egs. (41), we derive the Landau-Lifshitz equation which
describes the motion of magnetization in the magnetic field:

dM
dt
Thus, in a magnetically ordered body the effective field B induces a precession of local
magnetization M(r,t) whereas the y determines the precession rate. To describe the

dynamics of a a discrete set of magnetic moments M;, where i = 1,2, ..n, the equation of
motion can be written as

% = —yM; x B¢T, (49)
Please note, because we explicitly assume that the gyromagnetic ratio is negative, see
Eq. (42), there is a minus sign on the right hand side of Eq. (49).

The effective field, B?ff, producing torque on M; consists of applied magnetic field and
magnetic field generated by nearby magnetic moments M; and by the orbital motion of
nearby electrons. The Bj?ff is the change of energy, U(M) = U(M;,Ma,...,M,), by the
work done when rotating M; against BS™f forces [106] as

dU(M) dU (M) dUM) AU (M)

Beff — =— 50
’ o YoM, " oms oM; (50

where M;,,M;, and M;; are the components of the i-th magnetic moment M;.
In Ref. |, the Landau-Lifshitz equation (48) is rewritten for the spin system using M =
—vhS and spin Hamiltonian 7 as energy,

dsS; 1 R

S,’Ei:—*six

R s S
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1.4.2 Resonance frequencies of magnons

To get the resonance frequencies of magnon modes, we have to solve the Eq. (51). Since
we are interested in the absorption of long-wavelength radiation, the excited magnons
are in the I" point. Then it is sufficient to solve Eq. (51) for one magnetic unit cell for N
spins, where N is the number of spins in the unit cell. We assume that deviations 6S;
from equilibrium positions S are small, i.e S; = S? + 8S;. If we multiply the Eq. (51) with
S; then the right hand side equals to zero, because S; and the right hand side of Eq. (51)
are perpendicular vectors. Therefore

d|S;|°
-0 52
7 , (52)

from where it follows that the spin length is constant in the first order of 8S;. If we insert
S; into Eq. (51) and keep only the terms linear in §S; we get

6Sl = —%Sl X &Sl y (53)
where the effective field is
0 5 B 0 (54)

2S;  98S; l{sor+{ss}

The equilibrium spin configuration {S°} is found by minimizing the energy, .7, with re-
spect to the orientation of each spin; spins are treated as classical vectors with constant
length. The correct equilibrium spin configuration must satisfy

0
— 55
dS; l{s%} (53
Energies of magnon modes, fiw, are calculated from the Eq. (53) by assuming a har-
monic time dependence:
8Si(t) = €/ 58Y, (56)

where SS? is the amplitude of the i-th spin in the magnon mode.

1.4.3 Damping effect of magnetization
In Eq. (51) spins would undergo an endless precession motion around the effective field.
However, from experiments it is known that this motion decays in a finite time because
of microscopic thermal motion that is induced by the local magnetization field [106]. This
damping occurs because of the coupling of the magnetization to spin waves, eddy cur-
rents, lattice vibrations, strains and defects. The damping term cannot be derived theo-
retically and therefore has to be introduced empirically. There are two main approaches
to describe the damping of magnetization, the Gilbert equation and the Landau-Lifshitz-
Gilbert equation. Next, we analyse how the Landau-Lifshitz-Gilbert and the Gilbert equa-
tions are related.

The Gilbert damping equation originates from Eq. (49) where Gilbert introduced a phe-
nomenological damping term 1 [107, p. 181] as

dM; A peit - dM;
el yMIX<B,» n—- (57)
dM;
= —yM; x BT nyM; x dt‘. (58)
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From this equation we can derive the Landau-Lifshitz-Gilbert equation, first by applying a
vector product by M; to both sides:

dM; dM.:
M; x dtl = —YM; x (Mi X B?ff) +nyM; X (M,- X dtl> . (59)

This can be simplified by using A x B x C = B(A - C) — C(A - B) for the damping term,

M, % (Mi o« dclz\;[i) —M, (Mi‘ dLIXI,-) — D (M; - M) = M7 D% where we used M - % =
0. That leads to the relation
M, x dZIi — _yM; x (M,- x B;?ff) ~nyM? dgf". (60)
From Eqg. (60) and Eq. (58) we get
% = —yM; < BT 4y {—yM,» x (M,- x B;”ff) —nyM? dgf’} , (61)
which after rearrangements equals to the Landau-Lifshitz-Gilbert equation,
dzl" — _BM; x B AM; x (M,- X B;”ff) , (62)
where constants B and A are defined as
f— Y Y'n (63)

—  and A=—""_
rrenpmz 1+ 72n2M;

Equations. (62) and (58) are equivalent if the constants are defined as in Eq. (63). From
practical aspects described in Ref. [108], for high damping systems Eq. (62) should not be
used while Eq. (58) is plausible for all values of damping.

The assumption, 7/21‘]2Ml-2 < 1is made often in literature to simplify Eq. (61):

aM;
dt

— —yM; x B — M, x (M,» x Bef ) . (64)

Using a dimensionless damping constant @ = ynM [106], we rewrite the Landau-Lifshitz-
Gilbert equation as

dM; o
N M BT - E v (M x BET) (65)
dt M;
This equation can be rewritten for a spin system with relation M; = —¥#S; and by
Hamiltonian J#(S1,S,,...,S,), that describes the energy change of the system, as
ds; 1 0 «o 0.7
— =—=S; X ——+—S; Six — ). 66
dr h’xasiJrhs,»‘X(’Xas,- (66)

Inthe Ref. | and Ref. 1ll we used the Landau-Lifshitz-Gilbert equation in order to calculate
the absorption spectrum of THz radiation by spin wave modes as described in the next
section.
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1.4.4 Absorption coefficient and Landau-Lifshitz-Gilbert equation

The absorption coefficient is proportional to the imaginary part of the refractive index,
already defined by Eq. (21). The refractive index for ME materials was defined in Eq. (20).
From here on we assume only a small polarization rotation and negligible linear magneto-
electric susceptibilities. If the polarization of incident radiation is (E;”, H{”) where k and /
are x, y, or z, then the refractive index simplifies to

Nii = V&b, (67)

where g is the background dielectric permittivity and pi; is the magnetic permittivity
defined by Eq. (13). By assuming that x;™ < 1in Eq. (13), we can define

1
VU= ——— = 1+ = 68
M g + 2%11 (68)
Using Eq. (68) for dynamic magnetic permeability y;;(®) in Eq. (67) we get
mm w
Nij = v/ €k <1+x”2<)>. (69)

If we assume that g is constant and real at low frequencies, then the absorption coeffi-
cient which is proportional to the imaginary part of the refractive index, is

2
01 (©) = 28 S 1" (@). (70)

Note that although the alternating magnetic field interacts with the spins, the absorption
of radiation depends on the dielectric properties of material, &.

The susceptibility x}}lm(a)) is obtained by summing all the magnetic moments in the
unit cell, M = y Y'Y | S;. Then

M
vh [Z BS,»(t)l =" (0)oH® (1), (71)
i=1

where the time-dependent magnetization, left side, is induced by the time-dependent
magnetic field through the frequency-dependent magnetic susceptibility '™, right side.
To get the relationship Eq. (71), we rewrite Eq. (66) using A x Bx C=B(A-C)—C(A-B),

dsi 1 MS_<a &%”) 8%”(05 )

ar s Oias S as ) T as s S

The harmonic alternating magnetic field of electromagnetic waves is introduced by adding
the H? (+) = H? exp(iwt) to the effective field, and to the equation of motion, by keeping
only terms linear in 8S; and H?, is

(72)

Q. _1 0 a‘%ﬂ‘é_ {0}
55 = 280 [ S5, HoHO (1)
OCS? 0 (9% )
+ hs i[asi — HoH (f)} (73)
ao[dts
- % i [ QS, — loH (t):|

Using 0S;(r) = 8S? exp(iwt) and Eq. (71) the magnetic susceptibility ;™ is obtained from
Eqg. (73). Keep in mind that here the derivative of the Hamiltonian is calculated at {SO +
0S} as defined by Eq. (54).
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1.5 Spin excitations

In magnetically ordered materials, THz electromagnetic radiation can force electron spins
to deviate slightly from their ground state to excite a wavelike behaviour throughout the
solid, i.e. excite magnetic waves named spin waves including magnons [13,109]. While the
term spin wave is describing all long range spin excitations, a magnon is a spin wave quasi-
particle, described with quantum-mechanical operators. In magnetoelectric compounds
exotic magnetic fluctuations can emerge from the mixed dipolar and quadrupolar orders.
These excitations arise from anisotropic exchange interactions that hybridize fluctuations
which carry a fundamentally different quantum number. In the following sections we will
describe magnon, multi-spin and quadrupolar excitation processes, discuss how they be-
come observable for THz spectroscopy and how their spin projection state defines the
magnetic field dependence of these modes.

1.5.1 Magnons

The term magnon comes from linear spin-wave theory with the assumption that the spin
length of each individual spin is constant. Magnon is a spin-wave quasiparticle with an-
gular momentum of 17, magnetic moment of 1gug and it has spin one. A magnon is
created by the magnetic dipole interaction between the spin and the magnetic vector
of light [110, 111]. The corresponding particle of light is photon that has almost zero mo-
mentum and from the momentum conservation law it follows that if photon excites a
magnon, it has to have zero linear momentum, i.e magnons are excited in the centre of
the Brillouin zone where k = 0. Magnons are often the strongest low energy spin-wave
excitations. By the spin-wave theory the maximum number of allowed magnon excita-
tions equals the number of spins N in the unit cell [112]. If the fixed spin length condition
is relaxed and there exists an anisotropic distribution of charge and magnetization, then
there can be many more collective lattice excitations that arise from multipolar degrees
of freedom [30]. This is discussed in the following paragraph. For an easier understanding
of the different spin waves, please see Fig. 5.

In materials which have a strong spin-orbit coupling spins can be excited by the elec-
tric component of light [111]. Compared to the magnetic excitation where spin projection
state changes by Amg; = 1 in the electric transition Am; = 2. If a magnon is excited by
electric field its named electromagnon [14] and when by both components of electromag-
netic radiation the term ME resonance is used [15, 16]. There are no sharp borderlines
between the magnon, electromagnon and ME resonance. The terms used to describe
spin waves depends on the fields they are excited by as well as which theory is used. The
electric dipole activity in magnetoelectric materials is closely related to strong single-ion
anisotropy which can mix energy levels with different spin-projections m;, states [27,42]. In
these systems magnons can be excited between the same energy levels simultaneously by
Amg = 1 or Amg = 2. Although the electric dipole activity is not captured by the spin-wave
theory, it can describe these excitations reasonably well and reveal the spin dynamics of
the material, see Ref. 1 and IlI.

1.5.2 Multi-spin excitations and bound-states

In strongly interacting magnetic materials, where A >> J, a single absorbed photon can
excite oppositely polarized spin waves at nearby sites, i.e create a two-magnon excitation
[113]. The two individual spin waves are propagating in correlated manner and are created
on a single magnon dispersion curve with wavevectors kj +k, = 0 [111, 114]. While it is
possible to excite two-magnon excitations at every point of the Brillouin zone, only those
which originate from the regions with the highest density of states gain enough strength
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to be detected [115]. The highest density of states, if neglecting the zone centre, is at the
edges of Brillouin zone. The magnetic component of light can only excite excitations in the
centre of Brillouin zone (k = (0,0,0)), to access the edges the process has to go through
the electric component of light or be mediated by another excitation like phonon. One
possibility how spins can be directly excited by the E? is through spin-orbit coupling [115].

To illustrate possible two-magnon excitations, we consider a two-sublattice antiferro-
magnet with two magnon excitations with frequencies a)i(k). As one magnon induces a
spin projection change Am; = 1, a two-magnon excitation can have Am; = {—2,0,+2}.
When Amy increases by one, let the state function be |k,+) and if it decreases then
|k,—). There can be four different two-magnon states, see Table 2 [116]. In the case
of a ferromagnet where all spins are pointing in the same direction we can only create
two-magnon excitations by flipping two spins to the opposite, the state |d) in Table 2.
The situation gets more complicated when we have an antiferromagnet, as then we can
also have Am; = {0,+42}, states |a), |b) and |c) in Table 2. The magnons in the states
|]a) and |d) where Am; = {—2,+2} are excited on same sublattices, but the states |b)
and |c) where Am; = 0 the magnons are created on different sublattices [117]. Because
of different nature of these two, |a) and |d) are named as two-magnon bound states and
[b) and |c) two-magnon excitations. The four states have different parity relations, where
odd parity means that the flipping of spacial coordinates can change the original system,
which is neglected for even parity. The parity relation depends on the symmetry of the
material. If we assume that the magnetic ions are in the centre of the inversion symmetry
then the Amg = 0 states have different parity. For example, the Raman scattering tech-
nique can only probe positive parity states and by that can not see the state |c) in Table 2.
The parity defines which activity the two-magnon excitation has, odd parity indicates that
the excitation can also be electric-dipole active, while even refers to magnetic-dipole ac-
tivity. The spectral shape of the excitations is also different, the absorption of the states
|]a) and |d) looks like wide peaks, while the |b) and |c) are rather absorption bands [114,
I]. The four states act differently in applied magnetic field. This can be used to distinguish
the type of two-magnon excitations, Ref. I. In applied magnetic field the |a), |d) states
are moving linearly in magnetic field appropriate to the Am; = {—2,+2} while the |b),
|c) states are insensitive to magnetic field [115].

Another class of multipolar excitations called quadrupolar excitations emerge in low
symmetry materials with S > 1/2 and strong single-ion anisotropy. These originate from
oscillating magnetic dipole and quadrupole moments and can be described with a multi-
boson theory, [27,29,118] and [119, Ch. 8.3]. In multi-boson theory the fixed spin length
condition, used in spin-wave theory, is relaxed and the expected number of excitations
increases from N to 2NS. For example, a four spin system N = 4, where § = 2, the ex-
pected number of excitations based on the spin-wave theory would be 4 and based on
multi-boson theory 16. Therefore, the multi-boson theory can describe 12 more excita-
tions than the spin-wave theory. Despite that, the complicated multi-boson theory is of-
ten not practised as the spin-wave mean-field theory can predict the magnetic exchange
parameters reasonably well.

The family of quadrupolar excitations governs several different excitations, namely
the spin-stretching modes and the single-ion bound states. These modes are expected
in materials with strong single-ion anisotropy irrespective their crystal structure or mag-
netic order. In crystals with broken inversion symmetry the electric dipole and the spin
qguadrupole have the same symmetry, thus they can be excited with the electric field com-
ponent of light. Peculiarly, in non-centrosymmetric crystals through electric dipole, the
quadrupolar excitations become observable even without magnetic anisotropy [29].
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Table 2: Possible two-magnon excitation states. The four states are represented as |a) Amg. For
parity determination, it is assumed that the magnetic ions are in the centre of inversion symmetry.
The odd parity is marked with minus — while even with +. The Table is constructed based on [116, Ch.
VI] and [115, (38)].

State Amg  Parity
la) = [k, +) |-k, +) T2+
1
b) =27z [k, +)|-k,—)+ |k, —)[-k,+)] 0 +
_1
le)=2"2[k,+)|-k,—) -k, —)[-k,+)] 0 -
d) = |k, —) |-k, —) -2+

Spin-stretching modes arise from the relaxing of the spin length and as the name says,
they can be understood as waves of oscillating spin lengths propagating in the lattice. The
spin-stretching modes with additional quadrupole excitations were found in Ba,CoGe,0;
and described with multi-boson spin wave theory, which allowed to understand the effect
of non-zero easy-plane single-ion anisotropy [29]. If A = 0, then the only THz spectroscopy
non-silent modes are magnons and by turning on A > 0, quadrupolar excitations become
observable. If A >> 0, higher spin-projection states are suppressed and spin-wave spectra
corresponding to isolated spins, like single-ion bound states (SIBS), become observable.

Single-ion bound states are Am; = {—2,+2} excitations excited on a single site, see
Fig. 5 and can be thought of as packets of reversed spins propagating in the lattice. There
can be even larger single-ion bound states than two spin deviations if S > 1 and A >> |J|
[113,120]. The SIBS cannot be detected with probes bound by the dipolar selection rule,
as dipolar matrix elements vanish because of the operator S~ = §* — i that must act
on a single site twice. However, if the material has hybridization between dipolar and
quadrupole fluctuations, the SIBS can be detected by FIR [121, 122], INS [30, 123] and
ESR [120, 124]. Localized excitations usually do not have dispersion, but if the exchange
interaction along the spins is larger than the transverse exchange interaction, the over-
lapping bands of magnons and SIBS are hybridized with an energy gap, giving the SIBS a
mixed dipolar-quadrupolar dispersive character throughout the Brillouin zone [30]. Com-
pared to the two-magnon bound state, the SIBS can be excited on a lower energy because
of neglecting the 2D anisotropy of different sites, Fig. 5. This can be used to distinguish
the SIBS from other excitations, as the energy can be lower than that of two-magnon ex-
citations and in rare cases also below magnons, while the effective g-factor is twice as
large as that of magnons [113,121]. The SIBS can also exist in the range of the two-magnon
continuum [124], which would make it possible to distinguish it [113], although for sep-
arating the high energy SIBS from spin-stretching modes or two-magnon bound states a
theoretical analysis is needed.

1.5.3 The magnetic field dependence of mixed spin states

ME materials with strong anisotropies or Dzyaloshinskii-Moriya coupling can mix different
spin projection states and give a finite electric-dipole moment to Amg; = +2, Am; = +3 or
even Amg = 4 transitions, making them THz light active. These spin-wave excitations can
have an unconventionally steep magnetic field dependence of frequency. In this section
the origin of this steep dependence is investigated.

The classical energy of a magnetic moment p in magnetic field is U = —u - B. The
magnetic moment of an electron spin is 4 = —gugS, where the gyromagnetic ratio g and
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Figure 5: Sketches of spin excitations in an easy-axis antiferromagnet with S = 1. (a) For an individual
spin there are three possible spin projection states, mg = +1,0,—1, which are represented by up
arrow, a dot and a down arrow, respectively. (b) The ground state of an antiferromagnet with spin
Hamiltonian, 7¢ = Y jJijSi-S;— DY, (Sf) where J;; is Heisenberg exchange interaction between
spins and D is easy-axis single-ion anisotropy. We define the exchange interaction between the
same sublattice spins as J and for different sublattices as J'. (c) One magnon excitation - the spin
projection state changes by 1. The spin in the middle has 4 neighbouring spins from which two are
situated at the same sublattice (row) and two are at different sublattice. The energy of this magnon
is the sum of the neighbouring spins’ exchange interaction 2J +2J’ and the single ion anisotropy D.
(d) A visualization of the two-magnon excitation, where a single photon creates the spin projection
change on two different sub-lattice spin sites, in total by Amy = 2. The energy is equal to the double of
the single magnon energy. (e) Single-ion bound state where the spin projection changes by Amg =2
on a single spin site. The energy of excitation can be lower than the two-magnon excitation. (f) Two-
magnon bound state where a single photon creates spin projection states on neighbouring sites, in
total by Amg; = 2. This figure was inspired by the Fig. 7 in Ref. [125] and Fig. 1in Ref. [30].

(b) AFM ground state

S HH
bel H
t1ttt

(c) One magnon (d) Two-magnon excitation
Amg =1 Amg =0
E=2J+2J'+D E=4J+4J +2D

Prett fettt
bl el
it Frett

(e) Single-ion bound state (f) Two-magnon bound state
Amg =2 Amg =2
E=4J+4J E=3J+4J+2D

Prett Prett
HH ool
Pt Fritt

34



the Bohr magneton ug = y# are positive quantities, see Eq. (43). Thus, the Hamiltonian is
;= gusloH - S, (74)

where L is the magnetic permeability, toH = B is the applied magnetic field and S is
spin in units of 7. The projection of S on the z axis is S |S,m) = my |S, my). The quantum
number my has 28 + 1 values, m; € {—S,—S+1,...S}.

The energy of the spin state |S,m,) in magnetic field B = [0,0,B,] is

Ep, = <mS| I |ms> = gusB;mj. (75)
We assume mixed spin projection states, my and m, with mixing coefficients o and 8 as
|S") = o |S,my) + B|S,m}), (76)

where |at|> + |B|*> = 1. The matrix elements of Eq. (74) are diagonal in m, and therefore
the energy of the mixed spin state in magnetic field is

() #|5") =
gusB; (|a|2 <ms‘ S; |ms> + ‘ﬁlz <m;| S; ’m;>) =
g.uBBz(la|2ms+‘B|2m;) . (77)

The energy difference of the two states, Ej,,« and Emé, defined by Eq. (75), is
AE = Amsg[JBBz, (78)

where Am; = m§ — mf The Amy in the mixed spin state is calculated as
amy = (1o + 1B ) = (InPmt -+ 1E Pl ) 79

where |2 +|€|* = 1.

The AE value in the magnetic field is defined by the difference of the spin projection
states Amy that results as a multiplier before the Landé g-factor, see Eq. (78). Therefore,
for the magnetic-dipole transition Am; = 1 with g =2 and ug = 0.4668cm 1T~ we ex-
pect magnetic field dependence of AE = 0.93 (cm~!T~!). To compare it with mixed spin
states, we consider the mixed spin state wave functions of LiFePO4 from Ref. [42] shown
in Table 3. The reader should be warned that the mixed states in Ref. [42] are defined
only for one ion in zero magnetic field and as the mixing of spin states changes with the
magnetic field the upcoming discussion should not be used for interpreting the the mag-
netic field dependence of excitations in LiFePO4, Ref. 1ll. There are two Am; = 1 tran-
sitions possible between energy levels n: 0 — 1 and n:0 — 4. The n: 0 — 1 results
in AE =1.83-0.82=1.01 (tm 'T" ') andn:0 — 4is AE = 1.83 — (—0.82) = 2.65
(em™1T~1). The n = 4 energy level is moving in the opposite direction in magnetic field
compared to n = 0, resulting in an amplified field dependence of n : 0 — 4 transition.
While this field dependence is abnormally high for Am; = 1 excitation, it is reasonable for
Amg = 3 transition that is also allowed between n : 0 — 4. The electric-dipole Am,; = 3
transition field dependence using Eq. (78) is AE = 2.8 (cm~—'T~!) that is well in range of
the mixed state value AE = 2.65 (cm—1T~!). The n: 0 — 1 excitation can be classified as
magnon and n : 0 — 4 as quadrupolar ME resonance. In conclusion, the magnetic field
dependence of mixed spin state transitions is not well defined and can vary depending on
the mixing coefficients and the movement direction of the individual energy level.
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Table 3: The LiFePOg4 single ion energies and spin states in the magnetically ordered phase from
Table Il in Ref. [42]. The effective quantum number i

wave function. The spin state energy is calculated using Eq. (77) with g and assuming g = 2 and
ug = 0.4668 cm T~ 1,

(|a|?my+ |B|*m,) is calculated from the

n | Energy Wave function i7e gUBH
(em™1) (em~IT7 1)

0 0 0.99|2) +0.12|0) 1.96 1.83

1 64.5 0.97|1)+0.25|—1) | 0.878 0.82

2 | 102.7 | 0.80/0)+0.60]—2) | -0.72 -0.67

3| 130.7 | 0.80]—2)+0.60[0) | -1.28 -1.20

4| 1327 | 0.97|—1)+0.25|1) | -0.878 -0.82
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2 Experimental details

This chapter covers the two far infrared experimental setups that were used in this work.
Firstly, the TeslaFIR with Martin-Puplett type SPS200 spectrometer, which is located in
the National Institute of Chemical Physics and Biophysics (KBFI), Tallinn. Secondly, the
experimental setup in the High Magnetic Field Laboratory (HFML) in Nijmegen, where the
measurements were conducted on a Genzel type Bruker IFS-113 spectrometer.

The chapter starts by introducing the interferometric detection based on the Michel-
son interferometer. The efficiency shortcomings of this type of a interferometer are also
described. Subsequently, descriptions of Genzel and Martin-Puplett interferometers are
presented, wherein some of the shortcomings of the Michelson type interferometer have
been addressed. Next, a detailed description of interferometric detection realized in Martin-
Puplett interferometer is presented and the calculation process of spectra from measured
interferograms is outlined. The last two sections are devoted to the overview of the Tes-
IaFIR and Nijmegen setups, including the description of measurement probes and modi-
fications made by the author of this work.

2.1 Michelson interferometer

The most common configuration for interferometric detection is the two-beam Michel-
son interferometer [126,127], see Fig. 6. The interferometric detection is an experimental
method, where light is divided into two beams and recombined after introducing a path
difference x between the beams, so that the detected light intensity at the interferometer
output becomes a function of path difference, I(x). From this function, the spectra, I(®),
can be calculated using a Fourier transform [128].

M,

Ly
® B
2
S
BMS
M,

- D

» @
Figure 6: Michelson two-beam interferometer. S - source, D - detector, M - stationary mirror, M,
- movable mirror, BM S - beamsplitter, L and L, - focusing lenses.

The incident monochromatic light from the source S is transformed to a parallel beam
by lens L. The beamsplitter BMS splits the parallel beam to two components. One of the
beams is reflected from mirror M;, which is at a fixed length, the other beam is reflected
from the moving mirror M, which introduces a path difference of x. The two reflected
beams recombine at the BMS and travel toward the lens L, that focuses the two beams
to the detector D where they produce an interference pattern. The detected modulated
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Figure 7: The illustration of interferogram generation with superposition of cosine waves. (a) The
interferograms from a monochromatic source at five different frequencies. (b) The interferogram
resulting from the sum of the panel (a) interferograms based on Eq. (87), which is the interferogram
for a polychromatic source. The maximum of the interferogram is at x = 0, the zero path difference
(ZPD). At ZPD all monochromatic components sum up constructively.

intensity as a function of the path difference x is

I(x) = %" [1 + cos (27@x)] = ’50 [

1 +cos(A)], (80)
where @ is the wavenumber defined as inverse of wavelength, @ = 1/A, and the incident
light intensity is Iy. Eq. (80) has two parts, the constant component %0 and the modulated
part %Ocos(A), usually referred as interferogram, see Fig. 7.

The Michelson interferometer has several features which hinder its performance. Firstly,
at low frequencies the efficiency of dielectric beamsplitters goes to zero as 6)2/t, wheret is
the beamsplitter thickness. Hence, increasing the thickness of the beamsplitter increases
efficiency at low frequency. Secondly, although a thicker beamsplitter increases the effi-
ciency at low frequency, it introduces a periodic oscillation of the interferometer output
intensity as a function of frequency [129]. For example, for the 6 um thick Mylar beam-
splitter the zero-intensity regions are at k,, ~ n x 600 cm~! and for the 12 um thick Mylar
at k, ~ n x 250 cm~! where n =0, 1,2, 3, ... [130]. Thirdly, the beamsplitter reflectance,
which defines the modulated part of intensity, Eq. (80), depends on the refractive index
of the dielectric material of the beamsplitter and also varies for s and p polarizations, see
Fig. 9 [131]. This reduces the useful modulated intensity as the beamsplitter reflectance R
may deviate from the optimal value, R = 0.5. As will be shown below, the third feature
can be overcome in the Genzel design and first and second in the Martin-Puplett design.

2.2 Genzel interferometer

The Genzel interferometer is a two-beam interferometer and was designed by Ludwig
Genzel to overcome some of the Michelson interferometer’s problems and to make the
design more compact and user-friendly. The Genzel interferometer has been used in
Bruker IFS-113, layout shown in Fig. 8. The main difference from the Michelson interfer-
ometer is that the incident light from the source is focused on the beamsplitter. The fo-
cused beam makes it possible to reduce the beamsplitter diameter and to use a motorized
carousel with several beamsplitters. Since the change of the beamsplitters is motorized
there is no need to break the vacuum of the instrument when switching between differ-
ent frequency regions. The small size of the beamsplitter also reduces noise by decreasing
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Figure 8: The Genzel interferometer scheme used in Bruker IFS-113 FT-IR spectrometer. s - source
port, d - beamsplitter carousel, h - spherical collimating mirror, e - moving two-sided mirror, ¢ -
filter wheel, f - moving mirror of the reference interferometer attached to e, g - He-Ne laser light
source for the reference interferometer and b - bolometer port. The reference interferometer is for
measuring the position of the moving two-sided mirror. The figure is reproduced from Ref. [131].

the drum-head vibrations of the beamsplitter foil. The Genzel design is more compact be-
cause the incident radiation angle of a beamsplitter is only 15° compared to the Michelson
45°. The smaller angle reduces the difference of the perpendicular polarizations intensity
ratio after the beamsplitter, see Fig. 9, allowing polarization studies without having to re-
orient the sample for maximum signal [131]. The equal polarization ratio also increases the
efficiency of the beamsplitter. After light is split into two by the beamsplitter, the beams
are collimated by spherical mirrors to reflect from different sides of a two-sided moving
mirror. This, compared to the Michelson interferometer, creates a two times larger opti-
cal path difference for the same mirror displacement. The amplification of path difference
by two-sided mirror is seen as a benefit of Genzel interferometer with the downside that
it doubles the alignment errors of the moving mirror. In the Bruker IFS-113 spectrome-
ter, the mirror movement is measured very precisely with a small integrated He-Ne laser
interferometer, labelled as f and g in Fig. 8.
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Figure 9: Dielectric beamsplitter reflectance amplitude (R() dependence on the BMS index of refrac-
tion (n), radiation polarization and incidence angle (6;). The vertical axis is the reflectance amplitude
R\ and the horizontal axis is the refractive index n of the beamsplitter. The electric field polarization
parallel (s) and perpendicular (p) to the plane of incidence. The two dotted and solid lines correspond
to the 15° and 45° incident radiation of s and p polarizations. The values of refractive index for My-
lar and Si are indicated. Note that reflectance values are closer to the ideal value of 0.5 the higher
refractive index materials. The difference of s and p polarizations is much smaller at the reduced
angle of incidence. The figure is reproduced from Ref. [131].

2.3 Martin-Puplett interferometer

2.3.1 Basic design

The interferometer with a dielectric beamsplitter has small efficiency at low frequencies.
To address this D. H. Martin and E. Puplett proposed a polarizing interferometer [132]. The
Martin-Puplett design uses the high efficiency of a wire-grid beamsplitter to separate two
orthogonal polarizations of light that will travel different paths in the interferometer.

A wire-grid polarizer consists of thin parallel conducting wires separated by a small
distances d. When light enters the wire-grid the electric field that is parallel to the wires
will induce a current along the wire. To this component of light, the wires act as metal
surface and reflect the light. The electric component of light that is perpendicular to the
wires does not introduce any significant currents and therefore the grid is transparent to
this polarization of light. Wire-grid polarizers can have reflection and transmission coef-
ficients more than 99.999% at low frequencies, see Fig. 10, if the wavelengths of light is
much greater then the wire spacing, A > d [133-135].

The layout of the Martin-Puplett interferometer is shown in Fig. 11. The incident light
from the source is collimated by the lens L;. To create a linearly polarized radiation, the
collimated beam passes the [001] aligned wire-grid polarizer Pol; from which the [010]
component of light travels toward similar wire-grid with wires in the [111] direction. Thus,
the wire-grid BMSS acts as a beamsplitter by dividing the [010] polarization into two beams,
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Figure 10: The reflectance R and transmittance T coefficients of wire-grids made up from 5 yum thick
tungsten wire with the spacing of 12.5um. The polarization of incident light electric field vector,
parallel (||) or perpendicular (L) to the wire-grid, is marked as the subscript of R and T. The figure
is reproduced from Ref. [133].

one [101] and the other [011] polarized. Half of the incoming intensity is reflected toward
fixed roof mirror RM; and the other half is transmitted toward the movable roof mirror
RM,. Both beams are linearly polarized with polarizations perpendicular to each other.

The roof-mirror consists of two reflecting perpendicular planes. The crossing of the
planes is referred to as ridge line. For example the ridge of RM is the [001] direction. We
can separate the incident light that propagates in [100] direction, perpendicular to the
ridge, into two components, polarized along the ridge, [001], and perpendicular to the
ridge, [010]. The polarization component parallel to the ridge does not change direction
while the other, perpendicular to the ridge, will be rotated by 180° upon reflection from
the two faces, from [010] to [010]. If the incident light polarization is at 45° relative to the
ridge line, [011], then the back-reflected light polarization is rotated by 90° to the [011]
direction. Since the roof mirror flips the beam polarization by 90°, the beam reflected
initially from the BMS (beam A) will now be transmitted at the BMS and vice versa for
the beam B. Hence, both beams are directed to polarizer Pol,.

The motion of the roof mirror RM, in the x direction changes the path difference be-
tween the two orthogonally polarized beams A and B. The path difference creates a wave-
length (A = 1/®) dependent phase difference p = 2w @x. Therefore, the light before Pol,
becomes elliptically polarized with the ellipticity depending on the path difference and
wavelength. For a polychromatic light the radiation at Pol, contains all polarizations from
linear to circular, except at x = 0, where it is linearly polarized for any @. The output polar-
izer Pol, provides intensity modulation at the detector. The intensity is at the maximum, if
Pol| and Pol, are parallel, and there is a zero intensity with crossed Pol; and Pol, at ZPD.
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Figure 11: Outline of the Martin-Puplett interferometer. S - source, D - detector, RM; - stationary
roof mirror, RM, - movable roof mirror, BMS - beamsplitter, Pol; - input polarizer, Pol, - output
polarizer, Ly and L, - focusing lenses. The solid lines show the beam path in the direction of arrows
with polarization state defined in brackets. The light from S is collimated by L, with polarization
state [010] defined by Pol,, wires in [001] direction. The beam with polarization along [010] is di-
vided into two beams by BMS, wires in [111] direction. Beam A that is reflected from BMS has
polarization [101] and travels toward RM| where the light polarization of the back-reflected beam
is rotated by 90°, to direction [101]. Because of the 90° rotation of the polarization the beam A is
now fully transmitted by the BMS in [101] polarization. Beam B that is transmitted through the BMS
in the [011] polarization will be, after back-reflection from the RM, and reflection from BMS, in the
[101] polarization at Pol,. By moving the roof mirror RM; a path difference between cross-polarized
beams A and B is created. The output polarizer assorts the [001] polarization from both beams and
focuses the beams by L, to the detector, where they interfere.

2.3.2 Description of interferometric detection

To better understand the working principle of the Martin-Puplett interferometer, we in-
vestigate how the electric field component of a plane wave changes when travelling through
the spectrometer, Fig. 11. The electric field vector after Pol; is

Ei, = apcos wt, (81)

where a is the amplitude of the light, ¢ is time, @ is angular frequency and j is a unit vector
parallel to the polarization of Pol; and Pol,. Next, the light strikes the beamsplitter which
divides it into two beams, A and B. The electric field vector at the BMS is

a . a .
E; = ——ficos Wt + —fcos wt, (82)

V2 V2
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Thus, the first part of Eq. (82) is reflected in the direction of beam A and the second part is
transmitted in the direction of beam B at the BM S. Both beams are reflected from rooftop
mirrors RM; and RM,, and RM, can be moved to create a path difference x. The overall
phase shift of beam A is A4 and beam B is Ag with mean of A = % and difference of
A = Ay — Ap = 27 dx. The electric field vector after re-combination at BMS is

a a
E, = —dicos(wt +Ay) + —Fcos(wt +Ap). (83)
2 \/i ( A) \/i ( B)

One can show that the intensity after BMS, I, = (E; - E,), is independent of the optical
path difference x. The modulation of intensity by x can be introduced by adding a linear

polarizer Pol, in the beam. The light at the output after leaving Pol, has the amplitude

— A

Eowi=E>-p= g [cos (w7 +Ap) + cos (wf + Ap)] = acos(@t + A) cos 5 (84)

and the intensity at the output is

2 2
2 a A a
Tow = (Egy) = = cos” = = —

I.
5 5= (1—&—cosA):g(l+cosA)7 (85)

where the intensity I, as defined after Pol; is

a2

In = <Ein 'Ein> = ?7 (86)

(...) denotes the time-average and E;; is given by Eq. (81).
If the source emits at several frequencies, then the interferogram is a sum of interfer-
ograms at several @;,

I(x) = %ZI@,. [1+cos(2mayx)]. (87)

Real infrared measurement systems operate using the thermal radiation from a heated
black body or a synchrotron, the emission of which is a continuous spectrum. In the con-
tinuous limit Eq. (87) becomes [136]

I(x) = % /0 " d@S(®)[1 +cos(2n@x)], (88)

where S(®) = |E;(®)|* is the power spectrum of the light source. As we are interested in
the modulated intensity, we can leave out the term independent of x. After normalizing
the source intensity,

Ip= /0 md(DS((b), (89)

the normalized interferogram is
1 oo
7o) = — / d@S(®) cos(2m@x). (90)
2Iy Jo

The inverse complex Fourier transform of the interferogram y(x) is the spectrum P(®),

P(@) = % | /:, Y(x)e P0Gy, (91)

where P(®@) = S(@)/Iy. The Eq. (91) is only valid for the interferogram y(x) which is sym-
metrical about x = 0.
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The interferogram in real systems is recorded based on the movement of the mirror in
a limited range,
—L; <x<Lp, where L,>L;>0. (92)

L is called the negative limit and L, is the positive limit.
The resolution of the spectrum is determined by the positive limit of the interferogram

as
1

A = —. (93)
L,
Therefore, in the literature the asymmetric and symmetric interferograms are also called
high and low resolution interferograms. From the Eq. (93) it would seem that the high-
est obtainable resolution is determined only by L,. In practice, the resolution can be
increased up to a certain point and after that further increase of the resolution is limited
by the signal to noise ratio [137].

Next, we assume the interferogram is sampled at mirror positions separated by §. The
Nyquist criterion states that at least two data points per one period have to be measured,
to still be able to resolve a frequency from the signal. This gives us the high frequency
cut-off of the spectrum what can be obtained from the interferogram with the smallest
sampling step 6,

1

Wmax = % (94)

The interferogram maximum is at ZPD, the mirror position where the optical paths of
the two beams are equal, x = 0. Because of sampling, it is certain, that the ZPD of the
interferogram will be missed by € < § /2. This causes a phase error in the complex Fourier
transform and distorts the spectrum.

Phase distortions in the interferogram originate from the spectrometer: error of mea-
suring the mirror position, misalignment, or intrinsic asymmetry of interferometer arms
and the reaction time of the detector. The result of these distortions is that the inter-
ferogram is not completely symmetric on both sides of the ZPD and we must take them
properly into account. The phase ¢ (@) enters into the interferogram as

¥x) = 27110 /0 " 4@S(@) cos2r@x + ¢ (@)]. (95)

The result of the measured interferogram Fourier transform is

P((D)ez¢(®) — % /~<>° y(x)efﬁn'cf)xdx. (96)

The phase distortions can be corrected if we assume that the phase ¢ (@) is a slowly vary-
ing function of frequency,

(@) =¢o+ o, (97)

with B as the coefficient of the linear term in phase and ¢y the genuine phase. The correc-
tion term of ZPD is the slope 3 because the shifted ZPD position is just a linear phase error,
B = €, as shown in [136]. If instead of a linear term in the phase, the phase would have
a parabolic or a higher order power dependence on @, then it would mean that the ZPD
position depends on @ and can not be recovered so easily [138]. B can be calculated from
the symmetric part of the interferogram and used to correct the maximum position of the
whole asymmetric interferogram. The correction of phase errors in Fourier spectroscopy
is analysed in Ref. [136].
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The fast Fourier transform (FFT) reduces the calculation time from N2 to Nlog(N).
In order to use FFT the number of interferogram points has to be increased with zero
filling to the power of 2 [139]. Zero filling is a method where the end of interferogram is
continued by zeros. Zero filling also gives more output points per a spectral resolution
element. In case of an asymmetric interferogram the farthest points of the interferogram
are included only once while the central symmetric part is used twice. This leads FFT to
reduce the resolution of spectra by almost a factor of two. It is possible to avoid this by
using a truncation function that weights the symmetric part by half, as shown in Fig. 12(e).

For minimizing the phase error from the abrupt stop of the interferogram tails, the
interferogram is multiplied by an apodization function, which gradually tapers the tails to
zero. It isimportant to note here that the apodization function has to be centred exactly at
the real ZPD position, otherwise the apodization will introduce an additional phase error.
Without apodization the sharp absorption lines have several side lopes with diminishing
amplitude, which would make it harder to quantify the absorption line parameters. The
side effect of apodization is that the spectral lines are wider in the measured spectra. To
suppress the widening, the interferogram has to be measured longer by the factor k.
The weighting factors w(x) for path difference x and factors k,;, are changing depending
apodization functions as

W) e =1, Koo — 1,207

W(x)triangular _ % :1 _ IZ} : k;rri)angular — 1772
w(x)Bessel — % _1 B (;)2] 7 ki)esse] oo (98)
w(x)oshe = % :1 —cos (Zﬂ , kg =2.000.

In SPS we prefer to use the cosine apodization function also known as Hann window.

Next we will discuss the procedure used in TeslaFIR, SPS software to calculate the spec-
trum. An asymmetric interferogram is shown in Fig. 12(a). The ZPD of interferogram is
found by fitting a parabola through the interferogram maximum and points on either side
of it, see Fig. 12(a) inset. The distance between the parabola maximum and the interfero-
gram sampled maximum is €, which is used to shift the interferogram to a new coordinate
frame for minimizing the phase error. The phase of the low resolution interferogram used
to correct the high resolution interferogram, if both interferograms have the same num-
ber of points M, which is done by zero filling the interferograms to 2¥, Fig. 12(b). Before
we can use inverse FFT (IFFT), the interferogram has to be apodized, then cut and folded
to be suitable for the complex FFT algorithm, what expects real values in the beginning
of the array, starting from the ZPD until the last data point followed by the imaginary val-
ues from the left side of the interferogram in the reversed order as shown in Fig. 12(c).
From the phase one can calculate the 8 by Eq. (97). The phase of the high resolution
interferogram, i.e the ZPD position, is then further corrected by shifting the maximum
to the new value by 8 which determines the range of high resolution interferogram as
—L+ B <x < L,—B. In this range, we have to introduce truncation in order to give
proper weight to those asymmetric interferogram points that were measured twice, the
green line in Fig. 12(e). After the truncation, the interferogram is apodized and folded for
IFFT, Fig. 12(f). The result of IFFT is the transmission spectra seen in Fig. 12(g).
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Figure 12: Steps implemented in the SPS software to calculate the spectrum from a measured inter-
ferogram. (a) An interferogram measured with the TeslaFIR experimental setup. The interferogram
extends from —L to L,, where L and L, are the distances from the maximum of the interfero-
gram. The inset shows the fitting of the interferogram maximum with parabola, blue line. The large
red circles shows the sampled points with step 6. The maximum of the parabola is marked with
small red circle and is at the distance € from the nearest sampled point. The green horizontal line
through sampled point indicates that also the intensity maximum of the interferogram was missed
by sampling. (b) The symmetric part of the interferogram from panel (a) which has been shifted
by ¢ to the left and zero filled to 2 points. The yellow line shows the weight of the cosine-based
apodization function. (c) The double sided low resolution interferogram for the complex IFFT that
will be used for the phase correction. (d) The phase calculated from the symmetric low resolution
interferogram. The slope of the linear fit of the phase, blue line, determines the interferogram ZPD
correction 3. (e) The zero filled asymmetric interferogram from panel (a) with apodization function,
yellow, and ramping truncation function, green. (f) The double sided high resolution interferogram
for the complex IFFT. (g) The calculated phase corrected spectrum.
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2.4 TeslaFIR experimental setup

The main experimental setup used in this thesis is named TeslaFIR and is located in KBFI.
The setup consists of a Martin-Puplett interferometer, a *He cryostat, a 17 T superconduct-
ing solenoid and a Si bolometer cooled by the closed 3He system to 0.3K. The layout of
TeslaFIR is shown in Fig. 13. The frequency range of spectrometer extends from 75 GHz up
to 6 THz. The sample can be measured in the temperature range of 2.5K to 400K. The
applicable magnetic field is —17...17 T and the maximum dc electric field across the sam-
ple using electrodes is up to 1kV/cm. The transmission can be measured in Faraday and
Voigt configuration and the reflection in Kerr configuration. The Faraday (Kerr) or Voigt
configuration define whether the wavevector Kk is parallel or perpendicular, respectively,
to the external magnetic field, as shown in Fig. 15.

The cryostat is cooled with a liquid helium (*He) reservoir that is surrounded by a shield
cooled by liquid nitrogen (N;). The maximum field is limited to 15T if the magnet is at
T = 4.2 K and to 17 T if the liquid *He is kept close to the liquid helium superfluid transition
temperature, T; = 2.17 K. The helium bath is cooled below 4.2 K by pumping on a A-helix.
The helix is situated above the magnet and is made out of a copper pipe having a motor
controlled needle valve toward the main helium bath. The *He entering the A-helix has
the same temperature as the *He in main bath, but as the flow is limited by the needle
valve, the helium pressure and temperature inside A-helix are lower, cooling the main
bath and therefore the magnet.

The TeslaFIR setup uses a Sciencetech Inc. SPS-200 spectrometer which is be oper-
ated in a polarizing Martin-Puplett configuration. SPS-200 uses a wire-grid beamsplit-
ter and a polarizer in which the aluminium wires are photolithographically etched on a
12 um thick Mylar film. The wires are 0.4 um thick and 2 um wide with a 4 um spacing
(2500 lines/cm). The efficiency of the beamsplitter and polarizers fall to zero at 700 cm~1.
The low frequency region is almost 100% efficient, limited only by the size of mirrors and
the lamp power spectrum. The light source is a water-cooled mercury arc lamp. There is
a black polyethylene film to protect the polarizer and beamsplitter from the visible and
UV radiation. Another black polyethylene film at the output of the spectrometer reduces
further the amount of high frequency radiation on the sample.

The amplitude of light is modulated by the fixed linear polarizer at the output of SPS-
200. The linearly polarized light from the spectrometer is focused onto the entrance of
the 16 mm diameter light pipe. Due to reflections in the light pipe, the polarization state
of light is lost. In front of the sample chamber, the polarization state is re-defined by a
stepper-motor controlled rotatable polarizer. The sample chamber can be changed de-
pending on the measurement requirements. The Faraday probe is described in Sec. 2.4.1
and Voigt probes in Sec. 2.4.2.

The light from the probe enters a He-bath section, where the filter wheel is situated
through a vacuum-tight polypropylene window. The filter wheel is submerged in helium
to minimize black body radiation from the filters themselves. The filter wheel is stepper-
motor controlled and can hold eight filters, as listed in Table 4. After filters, the light
intensity is detected by a 0.3 K bolometer which is situated inside a separate high vacuum
chamber with polypropylene windows. The bolometer is a Si chip glued on top of a 5 mm
diameter sapphire disk coated with a anti-reflection layer. It is important to note that
the bolometer measures light intensity and the phase information of the electromagnetic
field is lost. The bolometer signal is amplified by a pre-amplifier and then digitized by the
ADC computer board. The signal, measured through filters, is shown in Fig. 14.

The bolometer is cooled with a closed-cycle 3He system which consists of the 1K-capillary,
an absorber and the liquid 3He pot, illustrated in the bottom part of Fig. 13. The 3He system
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is pre-cooled by the mechanical heat switch that is situated below the bolometer vacuum
chamber and connects the helium bath to the 3He system through a metal membrane.
When the bolometer reaches 4.2 K, the heat switch is disconnected. The closed cycle-
system has a 3He reservoir outside of the cryostat. The 1K-capillary is pumped throughout
the experiment and is kept at 1.6 K. The bolometer cooling cycle starts by heating the ab-
sorber to 40 K for one hour at which time the He gas is released from the charcoal. The
warm gas condenses on the portion of the *He pot neck cooled by the 1K-capillary to form
3He droplets that fall into the 3He pot. After the heater is turned off, the absorber cools
to 5K and starts pumping on the liquid 3He pot, reducing the vapour pressure and by that
cooling the pot to 0.3K. When the temperature 0.3K is reached, about one hour after
switching off the absorber heater, the bolometer is ready for measurements. Compared
to the 4.2 K bolometer, the 0.3 K bolometer sensitivity is two orders of magnitude greater.

The TeslaFIR setup is automated using the LabView programming environment and
can run automatically following the commands written in the command file. The user is
needed to overlook the measurement and provide the setup with liquid helium and nitro-
gen when needed. In the planning of command file, it's important to consider the times
of filling and re-condensation of 3He for the bolometer. For example, by adding liquid he-
lium the magnet may warm above the A-point, restricting the maximum magnetic field
to 15T for several hours.

Between experiments, the cryostat is warmed up to room temperature. Warming to
room temperature without additional heating or breaking the cryostat vacuum can take
up to two weeks. An additional week is needed to set up a new run, thus the overall
time between experiments could extend to three weeks. This time scale hinders the pos-
sibility to do systematic study of samples as was required in the process of this thesis.
Therefore, | added a bottom heater to the TeslaFIR cryostat. The bottom heater with
maximum power of 50 W, heats the cryostat to room temperature in 48 h. The heater is
temperature-controlled in order to minimize the risk of overheating the cryostat which
can melt the vax that stabilize the superconducting magnet coils.

It is vital to isolate the experiment from the ambient mechanical vibrations as the in-
terferometer mirrors, beamsplitter and bolometer wires can easily pick up low frequency
vibrations. Therefore, in the course of this thesis, | rebuilt the vibration isolators as de-
scribed next. The cryostat and the spectrometer are supported by a common wooden
platform that is not attached to the main wooden frame. Four single convolution air
springs “FS 40-6 CI” were placed under the wooden platform, one on each corner. The
springs have a natural frequency of 3.3 Hz with the optimal height of 90 mm for vibrational
isolation. The air springs are connected to the control hub by PU tubes. The control hub
input pressure is regulated by a pressure valve which is fixed at 3.6 bar. The user operates
the filling of air springs manually, while monitoring that the platform is levelled as the
weight is not equally spread across the platform. Air springs can be deflated by a release
valve which relaxes the platform onto wooden cubes.
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Figure 13: Layout of the TeslaFIR experimental setup with the Faraday probe installed. Sample cham-
ber, superconducting 17T solenoid and the 0.3 K bolometer chamber share the same liquid He bath
cryostat. The incident radiation polarization on the sample is selected with the rotatable polarizer.
After the sample, the light passes high-frequency cut-off filters mounted on the rotatable filter wheel.
The Si bolometer is cooled by the closed *He system where a charcoal absorber pumps on liquid 3 He
to cool it to the base temperature of 0.3K. 1K-capillary at 1.6K is in thermal contact with the 3He
pot neck and is supplied with liquid helium from the main helium bath. To reach fields above 15T,
the main bath is cooled below 4.2K by the A-helix immersed into liquid He. The sample changer,
polarizer and filter wheel, each are controlled by their own stepper motor. Sample chamber, super-
conducting 17T solenoid and the 0.3 K bolometer chamber share the same liquid He bath cryostat.
This figure is reproduced and modified from the TeslaFIR layout created by the members of THz &
low temperature physics group in KBFI.
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Figure 14: The bolometer signal of TeslaFIR filters through a 3 mm empty hole at 10K. Using filters to
select the frequency range of interest can substantially decrease the noise and speed up measuring
time.

Table 4: Filters in the filter wheel, their cut-off frequencies and the recommended mirror scan speeds.
There is an additional 200cm™! cut-off filter attached to the exit window of the sample chamber.
Optimal scan speeds of the moving mirror are calculated from the reaction time of the bolometer
and the cut-off of the spectrum from the Nyquist criterion.

Position Filter Cut-off (cm~!)  Scan speed (cms~!)
1 Fluorogold + Kodak 40 0.3
2 QMC10+20 cm™! 10 0.8
3 QMC20+30 cm™! 20 0.45
4 QMC 67 cm™! 67 0.25
5 QMC 200 cm™! 200 0.08
6 Kodak @4 mm 200 0.08
7 QMC 100 cm™! 100 0.15
8 Fluorogold 40 0.3
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2.4.1 Faraday probe

The Faraday configuration states that the light wavevector is parallel to the applied mag-
netic field, k || H, Fig. 15 (a). The TeslaFIR Faraday probe has six sample slots in a rotat-
able sample wheel, see Fig. 16. Each sample can be measured in any linear polarization
defined in the plane perpendicular to H. The sample wheel and polarizer are computer-
controlled with stepper motors. The accessible temperature range depends on the sample
parameters, sample holder hole size and required frequency range. The thermal radiation
with 200 cm ™! cut-off filter saturates the detector above sample T = 50K. The sample
temperature where the detector saturates can be increased by applying extra bias to the
bolometer or by applying eccosorb to the light pipe after the heated sample compartment
to reduce the bolometer angle of view. However, this reduces the bolometer signal. The
Faraday probe is the preferred TeslaFIR experimental probe as it allows to measure several
samples in single cool-down.

(a) (b)

Figure 15: The Faraday and Voigt configurations shown in panels (a) and (b) respectively. The sample
is in the centre of the magnet. In Faraday configuration the light wavevector (arrow) is along the
magnetic field, H, the thick arrow. In the Voigt configuration the light wavevector is perpendicular
to the magnetic field, k L H. For the Voigt configuration, a two-mirror assembly is needed.

2.4.2 Voigt probes

The light wavevector in Voigt configuration is perpendicular to the magnetic field, k .. H,
as shown in Fig. 15(b). The TeslaFIR probe is designed with a interchangeable measure-
ment compartment and a tail which allows easy conversion between the Faraday and Voigt
configurations. In the Voigt configuration two mirrors are used to reflect the light tok L H
while passing the sample and back to k || H. A diagonal light-pipe is used to revert the
light back to the initial side where the detector input is located, see Fig. 17(a,b). Because
the Voigt configuration acquires more space than the Faraday configuration, the number
of samples is limited to one. Next, we will discuss the Voigt probes used in this work.
The static high temperature Voigt probe that also allows high electric field measure-
ments is shown in Fig. 17(a,c). The main advantage of this probe is that the sample holder
is isolated from the sample chamber by non-conducting and low heat conductive nylon
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Figure 16: The TeslaFIR Faraday probe on (a) and its sample wheel on (b). The probe tail can be
changed to Voigt probes shown in Fig. 17.

line. Both, the thermometer and the heater are attached to the surface of the isolated
sample holder. One sample can be mounted at a time and the orientation relative to the
magnetic field is fixed. The main flaw of the initial design was that the sample holder -
when heated - radiated all the black body radiation toward the detector. This additional
heat radiation limited the accessible frequency range above 50K, therefore the author
of this thesis modified the design. A cold metal screen with the hole diameter equal to
the sample size was added after the sample holder, see Fig. 17(a). Additionally, eccosorb
was glued on the light-pipe walls of the main body extension to collimate the light further.
These modifications allowed to obtain spectra up to 200 cm~! above 50 K.

The fixed sample design was not practical for the systematic study of the magnetic
field direction dependence of spectra. To change the magnetic field direction relative to
the sample the measurements had to be halted, the cryostat warmed up and the sample
holder had to be rotated by hand. For this reason the rotatable Voigt probe was designed
by J. Viirok and first used in Ref. [140]. In this design the sample wheel could be rotated
by a computer controlled stepper motor. This design has three major advantages. Firstly,
it allows orienting the sample axes more precise along the magnetic field, as described in
Sec. 2.6. Secondly, it allows measuring two field directions in Voigt configuration in one
experiment. Thirdly, it allows the systematic study of the sample THz absorption when the
magnetic field changes its orientation in the sample plane. The downside of this design
was that the heater and thermometer were not attached to the sample wheel, see old
heater and old thermometer in Fig. 17(b). The heater was attached to the main brass body
of the probe, which resulted in enormous heat radiation. While the design was a great
upgrade from the static configuration, the limited frequency and temperature range were
not suitable for this work. The rotatable Voigt probe design was upgraded by the author
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Figure 17: The TeslaFIR Voigt configuration probes. The static high temperature high voltage Voigt
probe scheme (a) with its sample holder on (c). The rotatable high temperature Voigt probe with
high-voltage option (b) and its sample holder (d). The schemes (a) and (b) are reproduced and mod-
ified from the CAD files created by the members of THz & low temperature physics group in KBFI.

of this work. The heater and thermometer were moved onto the sample holder and the
probe was modified to allow high electric field measurements, Fig. 17(b,d). The sample
holder was isolated from the gear by a non-heat-conducting plastic disk. The transfer of
the heater onto the sample wheel and additional isolation of sample holder resulted in
a significantly lower amount of heat radiation. In this new design the thermometer and
heater wires limit the rotation of the sample holder to 60°. Therefore, the sample should
be mounted in a way that the principal axes within the sample plane are in the accessible
+60° range.

2.5 High magnetic field infrared spectroscopy system in Nijmegen

The THz spectroscopy in magnetic fields above 17 T was done at High Field Magnet Labora-
tory (HFML) in Nijmegen, Netherlands (Fig. 18) [141]. The magnetic fields are produced by
resistive Bitter magnet that can reach up to 33T with 32 mm bore size. The magnet coils
are operating at a voltage drop of 500V and with the maximum current of 40 kA. The
enormous amount of heat that is produced by the current flowing in the resistive magnet
is removed by deionized cooling water that is pumped through the magnet at the rate of
1501/s. The cooling system has two 750 m? buffers of cold water, a heat exchanger and
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three chillers which in total can consume more than 15 MW of power.

The optical system consists of a Genzel-type interferometer Bruker IFS113V, described
in Sec. 2.2, a quasi-optical telescope to the cryostat and a 1.6 K bolometer, which is situ-
ated at the bottom of the probe. The spectrometer is situated on the upper floor which is
connected the cryostat below by a quasi-optical telescope. The accessible spectral range
is from 12 cm~! to 700 cm~!. The samples can be measured in Faraday or in Voigt con-
figurations. The polarization of light is selected by a polarizer that is mounted in a fixed
position in front of the sample.

Cell 3 -
Field 33 Tesla
& /] Bore 32mAl
M power 1BMW
Built 2002

o S | -

Figure 18: Nijmegen Bitter magnet setup at Cell 3. The Bitter magnet is at the centre of the picture
under the platform. Four horizontal cooling water pipes are connected to the magnet, two from
each side. Above the magnet from the level of the platform there is a cryostat, its tail extends into
the 32 mm bore of the magnet. At the top there is a grey pipe, a part of the quasi-optical telescope,
coming from the spectrometer that is situated on the upper floor. The two black vertical pipes at
the back wall are the power cables. The red light on the left hand side wall shows that the magnet
is currently under use.

2.6 Determining the orientation of crystal axes with linearly polarized
THz radiation

THz spectroscopy can be used to determine the selection rules of spin-wave excitations.
We used linearly polarized light with E-field oriented along selected crystal axes. The ori-
entation of crystal axes of individual pieces was known a priory from the Laue diffraction
pattern of X-rays. Although care was taken while mounting the samples to the sample
holder a small misalignment of a crystal axis relative to polarizer and dc magnetic field
is inevitable. Depending on the probe the misalignment error of the sample can be min-
imized by carrying out polarization scans or by rotating the sample in magnetic field as
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described below. It is important to note here, that principal axes projections can only be
determined in the plane of the sample and the tilt of the sample plane cannot be recov-
ered with these methods.

One indicator of the principal axis direction is the absorption strength of the spin-wave
excitation. With the polarization scan method, the polarizer is rotated in steps, a few
degree at a time and THz spectra are measured at every polarizer angle ¢. Based on the
selection rule of the spin-wave, absorption is modulated as cos2(¢ + ¢o) where ¢y is an
arbitrary phase shift. From the fit of the intensity with cos2(¢ + ¢p) or with parabola
around the maximum, the crystal axes in the plane perpendicular to the light propagation
direction are determined. The method of rotating the polarizer can be only used in the
Faraday configuration and not in the Voigt configuration. In the Voigt configuration there
is a mirror between the polarizer and the sample, see Fig. 15. The E-vector must be kept
in the plane of incidence or perpendicular to it to preserve the linear polarization. In Voigt
configuration the polarizer is aligned with respect to the mirror plane. The trick to use this
method in Voigt is to rotate the sample, keeping the polarizer fixed. The polarization scan
method was mostly used in the TeslaFIR Faraday experiments shown in Ref. | and Ref. Il

In the second method the principal axis direction is found from the changing spin-wave
excitation energies, while rotating the sample in the applied constant magnetic field. For
example, an AFM crystal with an easy-axis should have a strong magnetic field depen-
dence of spin-wave excitation energies if the magnetic field is applied along the easy axis.
If the magnetic field is applied perpendicular to the easy axis, then the spin-wave excita-
tion energy should have small or negligible field dependence. By rotating the AFM crystal
plane that exhibits also the easy axis in constant magnetic field, the field direction alter-
nates between hard- and easy-axis direction. This manifests itself in the THz spectra by
the change in spin-wave frequencies. Similarly as mapping the intensities modulation, in
this method the modulation of spin-wave excitation energies at different angles relative to
the applied constant magnetic field is used. The sample rotation angle, where the mode
energy is farthest from the zero field mode position, indicates one of the main principal
axis. This method only requires a spin-wave excitation that is sensitive to the magnetic
field and therefore a two-spin-wave excitation, which can have a strong magnetic field
dependence along the hard axis that can be also used to align the sample. Compared to
the polarization scan method, the method of rotating sample in magnetic field gives a
better estimate of the orientation of the crystal axes. This method was used to align the
crystal in Ref. 1l and in several Voigt measurements of Ref. | and Ref. Il
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3 Data analysis

Data handling and interpretation is a vital part of the experiment as it can resolve or hide
important scientific findings. This chapter investigates the delicate nuances of calculating
the relative absorption spectra, the handling of the data and offers an overview of the
tools developed in order to help the process of data analysis.

3.1 Absorption calculation methods
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Figure 19: Raw spectra of LiFePO4 at T = 3.5 K measured with TeslaFIR setup at 0, 5, 10, 15and 17 T.
A strong absorption around 46 cm™1, marked with the arrow, is moving toward lower frequencies
with increasing magnetic field.

An intensity spectrum of the radiation transmitted trough the sample as measured
with the TeslaFIR setup is shown in Fig. 19. In this spectrum the useful information is
not resolved because it is dominated by the characteristics of the whole measurement
system. These features can be suppressed by dividing the intensity transmitted through
the sample, Imple, With some reference intensity, I.¢. The result is transmittance,

T — Isample
Iref
which shows how much light is transmitted through the sample. For quantitative analyses
the absorbance is used what shows how much light is absorbed per a unit thickness of the
sample. For a plane-parallel sample with thickness d, the absorbance is

) (99)

a= —ém (7)., (100)

where s is the ratio of reference and sample hole cross sections. s = 1 if the sample
itself is used for reference under different conditions, like magnetic field H or temperature
T. There are three main methods for defining the reference spectrum when calculating
absorption. In the first method, the absorption is calculated with respect to an empty hole

as
1 I(H,T)
Oaps(H,T) = —=1 — . 101
abs( s ) d n (Slhole(OTa T)) (101)
The second method uses reference spectra from the paramagnetic phase of the sample
Aar(H,T) = oa(H,T)— a(0T,Tws)
—d ' In[I(H,T)/1(0T, Ti)], (102)
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with Tt > T, where Ty is the magnetic ordering temperature of the sample. The third
method is statistical - there the reference spectrum, H,.y, is a spectrum in a specific mag-
netic field or the average of spectra measured in different magnetic fields. The differential
absorption is then calculated as

AOCH (H,) = (X(Hi) — (X(Href)
—d ' In[I(H;)/I(Hyt)] . (103)

Here the absorption lines of the reference spectrum o (H,¢) are pointing downward and
0 (Her) can be recovered by finding the minimum value of Aoy (H;) at each frequency
over the field range of H;. By adding the calculated a(H.s) to the relative absorption
Aay (H;), it is possible to recover the absorption spectrum as(H;). Instead of finding the
minimum value, the median of all negative values or the median of all values can be used.

The differential absorbance in Fig. 20(a) is calculated with the reference spectrum of
17 T instead of O T, which has a region (marked with arrow), where the absorption is above
the detection limit. By calculating the ag(H;), shown in Fig. 20(b), we can recover the
whole magnetic field range, including the 17T spectrum. The benefit of the statistical
method is that it can resolve weaker magnetic field dependent modes than can be re-
solved by using an empty hole as a reference. The limitation of this method is that it cannot
resolve features independent of the magnetic field. For example, the mode at 125 cm™~!
always retains a derivative-like shape in the differential absorption spectra, Fig. 20(a) . This
shows that the 125 cm~! mode does not have a strong enough magnetic field dependence
to be moved away from the O T position by 17 T field.

Differential absorption spectra calculated with the spectrum I(T;f) measured in the
paramagnetic phase or with the empty hole reference spectrum are shown in Fig. 21(a)
and (b) correspondingly. As can be seen, both these methods reveal features indepen-
dent of the magnetic field. From Aoy (H,T), shown in Fig. 21(a), the 125 cm~! mode is
fully recovered, which was not possible with the spectra measured in different fields but
at constant 7. The empty hole reference, shown in Fig. 21(b), can also resolve 125 cm™!
mode, but it is not possible to separate it from the phonon background absorption that
starts at 120 cm~L. However, the existence of a phonon in that region could only be ver-
ified with the empty hole reference spectrum. Thus, in order to quantify the area of the
125 cm~! mode we must use spectra calculated with high T reference, Fig. 21(a).

In conclusion, one measurement protocol and absorption calculation method might
not be enough to capture modes of different origin. The experimentalist who evaluates
and plans the experiment has to choose the correct experimental plan and the method
to interpret the data, in order to fully recover the quantitative data and the absorption
spectra of the sample.
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Figure 20: (a) The differential absorption of LiFePO4 at T = 3.5K calculated with H,of = 17T. The
reference spectrum lines are pointing downward and the lines in other fields are pointing upward.
The negative portions of spectra are coloured grey. The differential 17T spectrum is a flat line. (b)
The absorption spectra calculated by adding a reference spectrum, the 17T spectrum in this panel,
to differential absorption spectra shown in panel (a). The arrow on both panels marks the region
where the 0T spectrum is discontinued because the absorption was above the upper detection limit.
Spectra in both panels are shifted to zero around 100 cm~"! and an offset proportional to the mag-
nitude of magnetic field is added.

150 (a) 150 1 ) 17
_ _ 15
= 125 - = 125
5 5 10
~ 1001 = = 100 =
o A 17 © S 5 T
¥ 751 15 2 g 75 o
9 o 2 o
S 5 2 0 %
504 N-._»\_‘1O é S 50 §
=3 [0}
o b= 2 =
< 251 ~5 3 25
ERS Ol VYN £

<

= oA A a0 0 A

_25 —25

20 40 60 80 100 120 140 160 20 40 60 80 100120 140 160
Wavenumber (cm~1) Wavenumber (cm~1)

Figure 21: (a) The absorption difference of LiFePO4 at T = 3.5K calculated with I(T,.f) measured
in the paramagnetic phase at T = 55K. (b) The absorption difference calculated with an empty
hole reference spectrum. The arrow on both panels marks the region where the 0T spectrum is
discontinued because the absorption was above the upper detection limit. The grey coloured regions
show where the reference spectrum absorption was above the upper detection limit. Spectra in both
panels are shifted to zero around 100 cm™—! and an offset proportional to the magnitude of magnetic
field is added.
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3.2 Measurement history visualization tool

Spectra depend on experimental conditions under which they are measured. In addition,
they may depend on the history of crystal treatment by magnetic field, electric field or
temperature and even measurements with the same set of parameters can lead to differ-
ent results. It could happen that the experimental setup faults or user mistakes lead to the
realization of a parameter value different from the planned value or it could lead to the
wrong sample treatment before the start of the measurement series. The worst of these
errors occurs when the program saves the intended parameter value to the measurement
log file, called ScanLog in TeslaFIR, and not the actual value. However, there is another log
file where the data from different experimental setup controllers is collected and saved.

The measurement history visualization tool was created for showing the TeslaFIR setup
experimental parameters next to measurement file numbers, using the information from
two log files. The program reads in the ScanLog where the information about the specific
measurement files is held and the experimental setup log that holds the logs from the ex-
perimental setup controllers. By combining and sorting these two histories through date
and time, the measurement is visualized as shown on Fig. 22. The tool allows highlighting
the pre-determined parameters by clicking the boxes on the bottom left. The cursor runs
over all the panels with a red vertical marker and shows the experiment file number at the
given point. The red vertical line values at each panel are printed on the right hand side
of panels. This tool was used to sort the experimental results of all three papers involved
in this thesis.

3.3 Further development of in-lab Python library BdepTools

Data interpretation should be independent of an individual who handles the data and
should enable the reproduction of the same results after periods of time. The main draw-
back of graphical programs like OriginPro is that the user can unintentionally conduct cal-
culations or copy-paste operations that break the traceability of the data flow. Therefore,
the Python programming language for data handling was adopted. Over the course of
several years the in-lab Python library named BdepTools has been built in the THz labora-
tory. It includes tools and programs that allow fast data handling and analysis, including
the creation of publication-quality figures. This method allows transparent data handling
with clear data flow from the experiment to the final publication figures.
The contribution of this work to BdepTools is following:

1. Creating and formatting multi-panel plots like Fig. 4 in Ref. | and Figs. 4 and S4, in
Ref. 1II.

2. Automatic detection of the measurement configuration from the data file names
and the usage of the detected key-word arguments to manipulate and plot the se-
lected configurations (magnetic field directions, polarizations, etc.) in multi-panel
figures.

3. Plotting experimental data with symbols where configurations are grouped auto-
matically and plotted by different labels with the symbol size as a function of the
fitted area of THz absorption line.

4. Plotting theoretical intensities as lines where the width of the line depends on the
parameter, e.g. applied magnetic field.

5. Subtraction of water vapour absorption lines from the spectra (needed only if the
spectrometer vacuum was not good).

60



A€ P P Q=W

Measurement log

SRR

20.0

g

5o

Temperature (K) High voltage (v) ~MyTypeCode

o
00
w0
o
0
=
2 10
g
o o
H
5 -10
2

10000
.

O 9 00 150 100 450 50 50 400 0 70 B0 (@O (50 400 0 g8° 80 e 80,00 L0050 G0, 90 0 50 00, 150 OO, 80, (OO, (80 400, 490 o0

Polarization

File number
Color your search:

O s
X PoL
arT

Figure 22: The measurement log visualizer reads in the ScanLog of measured files and the log of the
experimental setup controllers combining them in a graphical plot for easier traceability of the mea-
surement history. At the bottom left the three buttons can be used to colour the regions of sample
position (SP), polarization (POL) and temperature (T) with predefined values. The blue regions show
where the polarization value equals to predefined value of 4090. The red vertical line follows the
mouse cursor and its values of it at each panel are printed on the right side. The MyTypeCode is a
number that labels different user-defined measurement series.

6. A ME sum rule calculation code which uses excitation energies and full-width half
maximum data (obtained from the fit results of spectra) to select the spectral re-
gions where the ME sum rule is calculated, Eq. (39).

The main Python libraries used in this work are NumPy [142], Matplotlib [143], Scipy
[144] and Pandas [145].
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4 Results and discussion

4.1 THz spectroscopy of orthophosphates in magnetic field

The lithium orthophosphate family with members LMPO,4 (M = Ni, Fe, Co, Mn) have an
olivine crystal structure with a space group equal or lower than Pnma with the crystallo-
graphic point group Dy, [146-150]. The crystal structure of orthophosphates is illustrated
in Fig. 23. There are four spins in the unit cell. The long-range antiferromagnetic (AFM) or-
der of these members emerges below the Néel temperature (7y) in a range from 21.8 K to
50K [148,149,151,152]. The magnetic dipole moments are almost aligned to a unique crys-
tallographic easy axis in every material: Mn-x, Co-y, Fe-y and Ni-z. The primary C-type
spin configurations transform according to irreducible representations of D, as: Mn-A,,
Co-Bj,, Fe-Bi, and Ni-B», [153]. These compounds become ME as their magnetic order
breaks the inversion symmetry [149] and they exhibit linear ME effect [154-157]. The ME
effect together with strong single-ion anisotropy makes the orthophosphates good can-
didates for investigating unconventional single-spin-wave or multi-spin-wave excitations
with emergent coupling to the electric and magnetic components of THz radiation.
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Figure 23: (a) The schematic crystal structure unit cell of orthophosphates LMPO,4 (M = Ni, Fe, Co,
Mn). (b) The view along y axis. There are four MOg4 octahedra and four PO4 tetrahedra in one unit
cell. The MO form stacked layers along x axis separated by Lit ions and PO4 tetrahedra. This figure
was produced with Vesta [158].

The single crystals of LiNiPO4 and LiFePOy4 fall within the scope of this thesis. Samples
were grown by the optical floating zone method by V. Kocsis in RIKEN, similarly to the de-
scription in Ref. [159]. Both compounds were studied by infrared absorption spectroscopy
by applying magnetic field up to 33T along three principal crystallographic directions in
the THz spectral range, see Table 5. The THz absorption study up to 17 T was carried out
in NICPB, Tallinn with the TeslaFIR setup described in Sec. 2.4 and the measurements up
to 33T were done in HFML, Nijmegen, as described in Sec. 2.5. Additionally, the magneti-
zation of LiNiPO4 and LiFePO4 was measured up to 32T and 120 T respectively. Based on
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the magnetization and THz absorption study, mean-field models were used by D. Szaller
to describe the four magnon modes and the magnetization in both compounds.

Table 5: The measured THz absorption configurations of LiFePO4 and LiNiPO4. The first column
shows the experiment configuration of rows. The next columns show the direction of the magnetic
field H, light wavevector k and the orientation of E® and H® components of light (k L. E® | H?).
The last four columns mark the measured configurations and field ranges with check mark.

LiNiPO4, tioH  LiFePO4, toH

. . . ® ©
Configuration Hdir k E H <TT ST <7T  S17T

Faraday X X 'y z v v v v
Faraday X X z y v v v v
Voigt X y X z v

Voigt X y z X v

Voigt X z X y v v

Voigt X z y X v v

Voigt y X z oy v

Voigt y Xy z v

Faraday y y X z v v v v
Faraday y y z X v v v v
Voigt y zZ Yy X v v

Voigt y zZ X y v v

Voigt z Xy z v

Voigt z X z y v

Voigt z y z X v

Voigt z y X z v

Faraday z Z X % v v v v
Faraday z z Yy X v v v

4.1.1 LiNiPOg4, spin S =1
The Ni%t jons in LiNiPO, with spins S = 1 are aligned along z axis with slight canting to-
ward x direction [160], see Fig. 24. In magnetic field along x or 7 two ME tensor elements
x0¢ and x5 are finite [156]. Particularly interesting is the delicate balance of the nearest-
neighbour J,, and the frustrated next-nearest-neighbour J, exchange interactions which
puts the LiNiPO4 on the verge of commensurate (magnetic unit cell is periodic with crys-
tallographic unit cell) and incommensurate structures (the size of one of the unit cells is
not an integer multiple of the other) [37, 38, 160]. Below Ty=20.8 K the strong antifer-
romagnetic exchange interactions in the yz plane force the crystal into a commensurate
antiferromagnetic order. On heating above Ty, the sample enters into a long-range incom-
mensurate magnetic structure. The paramagnetic phase sets in at Tjc = 21.7 K, with short-
range magnetic correlations existing up to 40K [161]. The application of magnetic field
along z direction at low temperature results in an interesting H-T phase diagram, where
the commensurate phase (ordering vector (0,0,0)) is stable between 0-12T and 19-21.5T.
An incommensurate phase is observed at 12-16 T followed by a quintupled commensu-
rate phase (0,1/5,0) in the range 16-19 T. Another incommensurate phase is observed at
21.5-38T, followed by several other phases in higher fields [39, 45, 65, 162].

The magnetization measurements of single crystal LiNiPOy4, Fig. 25, were performed
in Nijmegen High Field Magnet Laboratory. The magnetization in H||x and H||y changes
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Figure 24: The spin configuration of the antiferromagnetic ground state of LiNiPO4. There are four
NiZt spins, § = 1, in the magnetic unit cell drawn as a box. In the primary C-type spin configuration
the spins are along the z axis with small canting towards the x axis by 6 = £(7.8° +2.6°) [39,
64]. The numbering of spins and the labelling of exchange interactions corresponds to the spin
Hamiltonian described by Eq. (104). Figure reproduced from Ref. |.
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Figure 25: The LiNiPO4 magnetic field H dependence of the magnetization M parallel to the field
at2.4K. (a) H | x, (b) H|| y and (c) H || z. Solid lines are experimental results and the dashed lines
are calculated from the mean-field model with the parameters listed in Table é. Vertical lines in (c)
show the known phase transitions.
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Figure 26: THz absorption spectra of LiNiPO4 in H =0T at T = 3.5K relative to spectra measured
in the paramagnetic phase at T = 30K. THz radiation propagation directions are k||x (blue), k||y
(green) and k|z (red). The two orthogonal polarizations {E{”,H"} for a given ky ~ E{* x H} are
indicated by solid and dashed lines shown in the inset. v, labels the modes,n=1,...,7, with Hj(" or
E? indicate the magnetic-dipole or electric-dipole activity of the mode respectively.

continuously, Fig. 25(a,b), while in H|| z, Fig. 25(c), shows three step-like increases at 12, 19
and 21.5T that indicate phase transitions, in agreement with previous results. Although
magnetization at 16 T hardly changes, the magnetic structure change has been verified by
neutron diffraction studies in Ref. [39].

Previous INS measurements [37-39] have identified two magnon branches below 8 meV.
We identify seven spin-wave excitations in LiNiPO4 THz absorption spectra measured up
to ~12meV in a zero magnetic field, Fig. 26. All these modes are absent above Ty. Since
the neutron diffraction studies did not detect any structural changes at Ty [64] nor were
new Raman-active phonons found [32], we assign all 7 modes to spin excitations. We
have identified three magnetic-dipole active magnons (v;=16 em~ !, v,=36.2cm~!, and
v3=48.4cm™!), an electric-dipole active magnon (v5=56.4 cm—1), two ME spin excitations
(v4=54.8cm™! and v4=66.4cm™') and a broad absorption band v that extends from
65cm~! to 115cm~!. The electromagnetic field components which excite these modes
are v, —H)‘,", Vo-H?, v3-H?, v4~-{H® E?}, v5-Ey‘" and v;-E2. The selection rules for vg
could not be determined, as it is excited in five different configurations with the strongest
activity in E®, see Table Il in Ref. 1.

The magnetic field dependence of the modes is presented in Fig. 27 along three mag-
netic field directions, H||x, H||y and H||z, up to 32T, see Table 5. From the mean-field
model we expect N magnon excitations, where N is limited by the number of spins in the
magnetic unit cell if the S, component of a individual spin is constant [28, 1]. In LiNiPO4
N = 4, which means that from the seven detected excitations four are magnons. To iden-
tify the magnons, we applied a mean-field model with spin dynamics, described in Sec. 1.4.

LiNiPO4 can be modelled with spin Hamiltonian that includes exchange interactions,
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Figure 27: Magnetic field dependence of the spin-wave resonance frequencies and absorption line
areasatT =3.5Kin LiNiPO4. The (a), (b), and (c) panels show the measurements in the Faraday (k ||
B), while the (d), (e), and (f) panels correspond to experiments in the Voigt (k L B) configuration. The
magnetic field directions are separated in columns as (a), (d) - H|| x, (b), (e) - H||y, and (c), (f) - H|| z.
Symbols are the fit results of experimentally measured modes and correspond to six combinations
of {Ei‘”,HJ‘."} as indicated on top of the figure. The symbol height is proportional to the square root
of experimental absorption line area with the same scaling as wavenumber axis. The solid lines are
the results of the mean-field model calculations, modes vy, v», v3 and vs. The width of the line is
proportional to the square root of the line area calculated in the magnetic dipole approximation.
The colour of the symbol and the line is determined by the magnetic component of light, H® -
blue, H)‘,” - red, and sz - black. The black dashed lines show the modes with vanishing theoretical
intensity in all measured configurations of panels (a), (b), and (c). The green solid line is the two-
magnon excitation vg. The phase boundaries determined from the magnetic field dependence of the
THz spectra and magnetization are shown by vertical solid lines in (c) and (f); the phase boundary
between Il and Ill, vertical dashed line, is from Refs. [65, 160]. This figure is reproduced from Ref. .
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single-ion anisotropies, Zeeman energy, and Dzyaloshinskii-Moriya interaction:
4

x\ 2 N2
)3 [Ax (S7)"+Ay (S7)" — guppoH- Sz}
i=1
+ 4 (S1-S2+S3-S4) +Jyy (S1-S3+S5-S4)
+ Jyz(SI'S4+SZ'S3)
+ D, (S?Sj — ST85 4+ 8555 — S§S§)] . (104)

The model describes spin variables as classical vectors {S;,S,,S3,S4} which are con-
nected by five different exchange couplings as shown in Fig. 24. We can neglect two
exchange couplings, J, and J;, as they connect spins at the same crystallographic sites,
producing, irrespective of the spin state, a constant energy shift in the I" point. We use
three isotropic Heisenberg exchange interactions Jy;, Jx,, and J, in the model. The mag-
netic ions are located inside a strongly distorted oxygen cage which introduces crystal
anisotropy that is taken into account by two single-ion hard-axis anisotropies, Ay, Ay > 0.
The energy change in magnetic field is introduced by the Zeeman term that includes the
g factor g, the Bohr magneton g, and the vacuum permeability ty. The canting of spins
out from the easy axis, z, is induced by the Dzyaloshinskii-Moriya interaction proportional
to D,.

In order to describe the experimental results of LiNiPOy, first we calculated the equilib-
rium orientation of the classical spin vectors by minimizing the energy of the Hamiltonian
at each magnetic field with the parameters from Ref. [39]. By comparing the model re-
sults with experimental spectra in Fig. 27, we could resolve that the four expected magnon
modes are vy, V,, v3 and vs. Then, we adjusted the parameters to reproduce the energies
of the four modes and the magnetization in Fig. 25. The parameters obtained from the
model are shown in the first row of Table 6. The model also predicts the reappearance of
the mode v in phase IV, marked as 1, shown in Fig. 27.

H

Table 6: The parameters of the mean-field model used to describe the static magnetic properties and
single- and two-magnon excitations in LiNiPO4: exchange couplings J;; and Ji, single-ion anisotropy
constants A;, Dzyaloshinskii-Moriya coupling Dy, and g factor g. Units are in meV except the dimen-
sionless g. Table is reproduced from Ref. I.

Sy L Je Jy Je A A Dy g Ref

065 016 -017 0416 124 0414 0.74 041 22 Ref |
0.67 -0.06 -011 0.32 1 0.41 142 0.32 22 [39]
0.67 -0.05 -011 03 104 0.34 182 [37]
0.59 -011 -016 0.26 0.94 0.34 192 [38]

The broad absorption band v; has been detected with Raman scattering previously in
Ref. [32]. In a sister compound LiMnPOy, a similar broad band absorption was verified
as two-magnon excitation with reproducing the line shape using the magnon density of
states (DOS) [163]. To identify v; we calculated the magnon DOS of v, numerically on
finite-size unit cell of 4 x 4 x 4 with 256 spins, using the Eq. (104) that we extended with
Heisenberg exchange couplings J, and J,. The two-magnon DOS, seen in Fig. 5 of Ref.
I, was obtained by doubling the energy of the magnon v, DOS. Since the calculated DOS
overlaps with the broad absorption band v; we concluded that this band is a AS = 0 two-
magnon continuum.

The frequency of mode vg corresponds to the singularity maximum of the two-magnon
DOS, which hints that v might also be a two-magnon excitation. Furthermore, v splits
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into two resonances in H ||z configuration with effective g-factors g_ = 4.24 +0.07 and
g+ =4.00+0.04. These g factors are two times larger than that of a one-magnon excita-
tion. From the two-magnon DOS we could verify that the singular maximum corresponds
tothe R — T line in the Brillouin zone. By calculating the R — T magnetic field dependence
we could reproduce the observed splitting of v¢ for H ||y, green solid lines in Fig. 27. The
strong absorption with clear splitting of v was only seen in Voigt configuration, hence this
proves that without the systematic study in both the Faraday and the Voigt configurations
the v could not have been identified as a two-magnon excitation.

While magnons at the I" point do not depend on J, and J,, these exchange interactions
become relevant for two-magnon excitations near the Brillouin zone edge. While the zero-
field frequency of vs depends on J;, the boundary between phases | and |l depend on Jy.
Using these dependencies we determined that J, = 0.16 meV and J, = 0.65 meV. The
magnitudes J; and J, are in agreement with previous INS studies [37-39], while J; has the
opposite sign, see Table 6.

To conclude, we have demonstrated how unconventional modes, like the two-magnon
excitation, can open the k-space and the exchange couplings, otherwise silent to THz spec-
troscopy. We have reported the first electromagnon, a ME resonance and a novel AS =2
ME two-magnon excitation in LiNiPO4. The magnetization together with THz absorption
spectra helped us to refine the magnetic interactions parameters that are essential to later
in-depth studies of ME effect in LiNiPO4.

4.1.2 LiFePOy, spin S =2

The Fet ions in LiFePO4 have spins S = 2 which below the Ty at 50K order antiferro-
magnetically along the y axis [152] as illustrated in Fig. 28. Weak Bragg peaks detected
by neutron diffraction experiments [41] suggest that the ground state features a small
spin canting toward the z axis, and a small rotation in the xy plane. LiFePO4 exhibits a
linear magnetoelectric effect below 7y with finite ME tensor elements ;3¢ and x\°, if
magnetic field is applied along x or y respectively [41]. Previous magnetization measure-
ments around T = 10K determined that the spins maintain an easy-axis alignment up
to 32T where they flip perpendicular to the magnetic field and start gradually to rotate
toward the field at least until 58 T [36, 44]. As the saturation was not reached, we mea-
sured the magnetization up to 120 T at T = 5K along the easy-axis y, using ultra-high
semidestructive pulses at the Laboratoire National des Champs Magnétiques Intenses in
Toulouse [164,165]. Additionally, we measured magnetization using a 14 T PPMS with VSM
option (Quantum Design) at T = 2.4K, from where the H||y DC magnetization depen-
dence was used to normalize the pulsed field magnetization. Our measurements con-
cluded that the magnetization grows linearly in magnetic field along H|| x and H|| z, while
the weak linear dependence in H||y ends with a jump at (32+3) T, indicating a spin-flop
transition that reaches a saturation plateau at (56+3) T, extending at least to 120 T, see
Fig. 29. The saturation magnetization value in the field polarized state is (4.44-0.3) ug per
iron. Our results show that compared to LiNiPOg4, the magnetic interactions in LiFePO,4 do
not lead to more complicated magnetic-field-induced incommensurate nor non-collinear
magnetic structures.

The low energy excitations of LiFePO,4 have been measured with Raman [33, 34], INS
[40-42] and electron spin resonance spectroscopy [35, 36]. The room-temperature Ra-
man measurements found three phonon modes below 175cm~! at 106 cm™!, 141cm~!
and 147 cm~!. The INS measurements detected two spin-wave branches below 80.7 cm !
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Figure 28: The LiFePO4 ground state spin configuration in zero magnetic field. There are four Fe*+
ions with spin S = 2 in the magnetic unit cell drawn as a box. Spins along the y axis form a C-type
AFM structure. The counting of spins and the black labels of exchange interactions correspond to
the spin Hamiltonian described by Eq. (105). Figure reproduced from Ref. IlI.
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Figure 29: (a) The LiFePO4 magnetization M (solid, red) and (b) the directly measured dM /dH
(solid, red) at T = 5K for increasing pulsed field in H||y. The VSM M-H measurements in quasi-
static fields at T = 2.4K are shown in the inset of panel (a), where the magnetic field directions are
H||x (black), H||y (red) and H || z (green). The dashed lines in panel (a) are the results of the mean-
field calculations with the parameters from Table 8. For comparison, we present the pulsed field
magnetization data from Ref. [36] as open red circles. The three state regions, AFM, spin-flopped
and spin polarized, are shown for H|| y. Figure reproduced from Ref. lll.
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(10 meV) and a nearly dispersionless mode at 36.3cm~! (4.5meV). The electron spin
resonance studies have verified two spin-wave excitations near the spin-flop field be-
low 34cm™! at 32T and two excitations from the defects at zero-magnetic field below
14 cm~!. We measured the THz absorption spectra up to 175 cm~! (22 meV) and detected
17 spin excitations at 3.5K, and an on-site spin-excitation at 55K, see Fig. 30. Addition-
ally, we detected a strong mode near 142 cm~! what we assign to a phonon, because it is
present both below and above the magnetic ordering temperature, see Fig. 30(a).

THz spectroscopy in magnetic field was carried out in Faraday and Voigt configurations
up to 31.6T, see Table 5. The mode frequencies and strengths as a function of magnetic
field and radiation polarization are presented in Fig. 31 and Fig. 5 in Ref. Ill. The parameters
of spin excitations at 3.5K are collected in Table 7.
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Figure 30: (a) THz absorption spectra of LiFePO, in the paramagnetic phase at 55K relative to
an open hole, and (b) the spectra at 3.5K (magnetically ordered phase) relative to 55K spectra.
Line colours correspond to THz radiation propagation direction as ky (blue), ky (green) and k; (red).
Two orthogonal THz radiation polarizations {El‘",H/“’} for the given propagation direction, kj, ~
Ei‘" x H®, are shown by the solid and dashed lines, dccording to the inset of panel (b). The modes
in the magnetically ordered state are labelled with F,, where n = 1,...,17. The on-site magnetic
excitation in the paramagnetic phase is labelled as F,s. The H? or E® next to the label indicates the
magnetic- or electric-dipole activity of the mode. The blue, green and red rectangles at peaks, Fy,
Fg, Fi1, and phonon, mark the absorption above the upper detection limit. Figure reproduced from
Ref. Ill.
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Table 7: The summary of LiFePO4 mode parameters in the AFM phase including excitation energy,
Gaussian fit area, selection rule, field dependence with slope and |Amg|. The selection rules were
found by measuring the polarization dependence of spin excitations in three principal directions in
the zero magnetic field. The absorption line energy and area without magnetic field were obtained
from a Gaussian lineshape fit, except Fy3 where the sum of two Gaussians was used. The slopes
were estimated from the linear magnetic field dependence between 15 and 17T or from lower field
range if mode was not visible there. The |Amy| values are proposed assuming g ~ 2 from the slope
by. Table reproduced from Ref. Ill.

Mode Energy Area  Selection | Magnetic field Slope b, |Am|
(cm™1) (cm~2) rules direction (cm™1T71)

F 18.3 4 z 114

F 24.7 2 Z +1.5

F 30.8 2 HY y ~0.9,4+0.9 1

Fy 46.2 (5.7meV)  >100 H;" y —1.1 1

Fs 58.0 6 H® y 1.1 1

Fs 67.9 (8.4meV) >200 H? y +0.9 1

V2 71.4 37 H;", E;” y +1.0 1

Fy 76.2 9 H® y —0.8,+1.0 1

F 90.8 2 H? X +0.1

Fio 102.2 57 EZ‘" y -3.3 3

Fiq 109.0 74 H}‘," y +1.8 2

Fi 120.8 50 E;‘) y -1.9 2

Fi3 124.4,127.6 185 E? y —0.3

Fiq 1371 17 ch",Eyw y —-3.0,+2.8 3
z —0.6

Fis 146.3 30 EZ“’ y —3.7,43.8 4
Z +0.7

Fie 163.7 2 Eyw X —-0.3

F17 164.8 4 E;‘) y 0.0
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Figure 31: The LiFePO4 magnetic field dependence of the spin-wave resonance frequencies and
absorption line areas at T = 3.5K. The first row corresponds to measurements in the Faraday con-
figuration (k || H), while the second row panels corresponds to experiments in the Voigt (k L H)
configuration. Each column of panels corresponds to an individual magnetic field direction as (a)
- H||x, (b), (d) - H||y, and (c), (e) - H||z. The symbols are the Gaussian line shape fit results of
experimentally measured modes and correspond to six combinations of linear light polarization,
{Ei“’,H;"}, as indicated at bottom left of the figure. The height of symbols is equal to the square
root of experimental absorption line area with the same scaling as the wavenumber axis. Larger
symbols have been selectively shown, skipping some magnetic field values to simplify the figure.
Figure reproduced from Ref. |lI.
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The spin dynamics of LiFePO4 can be described with a Hamiltonian similar to LiNiPQOg,
Eq. (104):

H = 4[ny(sl-S3+Sz-S4)
+Jyz (S1-S4+S2-8S3)
+ Dy (S1S5 — S784+ 5555 — $583) ]

+ 24: A (1) + A5

i=1

— UBHo (ngxS;C +ngyS? +ngle§)] , (105)

where J,, and J,, are exchange interactions, A, and A; are hard-axis single-ion anisotropies,
D =(0,Dy, 0) is Dzyaloshinskii-Moriya interaction and the parameters in the Zeeman term
are anisotropic g factor {gy,g,.g:}, the Bohr magneton ug, and the vacuum permeability
Uo. To use the Landau-Lifshitz-Gilbert equation, Sec. 1.4, for modelling the spin-dynamics
we have to know which are the four Brillouin zone centre magnon modes in spectra that
can be used as reference for the theory. Previous INS measurements [40-42] in zero-
magnetic field have identified two spin dispersion branches. Thus, F; and Fg correspond
to the modes observed by INS in the k-space points equivalent the I" point. There are
four remaining |Am,| = 1 modes, see Table 7, from which we neglected the F3 and Fg
as they have a v-type splitting in H||y that is not expected from mean-field model with
two-easy-plane (effective easy-axis is y) magnetic anisotropies, Eq. (105). In summary, we
determined that modes F3, Fy, F5 and Fg are the magnons which can be used as the ref-
erence for the theory.

Our model in the ground state is a collinear four spin AFM [40] structure in agreement
with the Pnma crystal symmetry. Therefore in the Hamiltonian, Eq. (105), we omitted the
AxySfSly anisotropy and DS{S;: Dzyaloshinskii-Moriya terms used in earlier works, as they
contradict the Pnma crystal symmetry. The effective easy axis along y results from two
single-ion hard-axis anisotropies, A, and A;. The comparison of the mean-field model
results and the measured four magnons are shown in Fig. 32. The obtained parameters
are collected and compared to earlier works in Table 8. The theoretical intensities and
frequencies of F; and Fg are in good agreement with the experiment, as well the frequen-
cies of F5 and F;. The intensity of the ME mode F is not reproduced for configuration Ef"
as the theory describes only magnetic-dipole activity. The intensity of F5 is reproduced
in configuration H®, but not in H?. The reason could be that there exists a small canting
or rotation of spins which we cannot determine from THz spectroscopy or the mode has
additionally a small electric-dipole activity.

Based on the mean-field results we could unravel the correspondence between the
INS magnon dispersion, interpreted in the model of the two-spin unit cell scheme, with
our I'™-point optical measurements. F; and Fg are the spin-waves observed in the zone
centre at Q = (0,2,0) [41] or Q = (0,0,2) [42], whereas F5 and F; correspond to zone-
boundary excitations of the two-spin unit cell at Q = (0,0, 1) [42], Q = (1,1,0) [40, 41]
and Q = (0,1,1) [41].

The mean-field theory uses an assumption that the length of each individual spin is
constant [119, ]. This limits the number of spin-waves to N, the number of spins in
the magnetic unit cell and these spin-wave excitations are called magnons. If the con-
dition S = const is relaxed, the number of modes can increase up to 2N, as shown by the
multiboson spin-wave theory in Refs. [29, 118] and Ref. [119, Ch. 8.3]. Some of the extra
modes appearing in the multiboson spin-wave theory may be viewed as "spin-stretching"
spin-waves. The four magnon modes described with mean-field model are included in
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Table 8: The parameters of the mean-field model used to describe the static magnetic proper-
ties and spin-waves in LiFePOy: exchange couplings J; and J;;, single-ion anisotropies A; and A;;,
Dzyaloshinskii-Moriya coupling Dy, and anisotropic g-factor g;. The parameters are in units of meV
except the dimensionless g;. The Ref. [36] used the exchange interactions and single-ion anisotropies
from Ref. [41] and g factors from Ref. [44]. The Dzyaloshinskii-Moriya parameter Jpyg from Ref. [36]
is Dy = Jpm/4 where 4 is the corresponding coordination number. Table reproduced from Ref. IlI.

Jie sy Jy. Ax A D, g Ref.
- 0.096(6) 0.54(1)  0.51(2) 1.45(3) 0.025(5) g, =2.10(6) Ref. Il
gy =2.35(17)
g:=2.10(6)

0.05(1) 0.14(2) 0.77(7) 0.62(12) 1.56(3) 0.038 gx=2.24(3) [36]
g, =231(2)
g:=1.99(3)

0.01(1) 0.09(1) 0.46(2) 0.86(2) 2.23(2) - - [42]

0.05(1) 0.14(2) 0.77(7) 0.62(12) 1.56(3) - - [41]

the expected 2NS multi-boson modes. The multi-boson spin-wave theory was applied
to LiCoPOy4, a S = 3/2 spin system [27]. Developing a multi-boson spin-wave theory for
LiFePO4, a S =2 and N = 4 spin system, is a mayor task that falls outside the scope of this
thesis. Thus, the origin of remaining 17 —4 = 13 modes has to be unravelled by qualitative
arguments.

The modes Fy, F> and F3 are below the lowest magnon mode F; and we propose that
they are impurity modes. The linear magnetic field dependence of F; and F; along H||z
does not coincide with the easy axis direction of the magnetic structure, supporting the
assignment. Previously, modes with a zero field splitting of 7.3 cm~! (220 GHz) were found
in Ref. [35] and assigned to the anti-site Fe2t -Li™ defects. Our modes in zero field are at
18.3cm~1, 24.7cm~! and 30.8 cm~! and therefore can not originate from these anti-site
defects.

We assign the Fj; and F3 to two-magnon excitations. Reasons for this are, firstly, the
spectral shape of modes Fj, and Fj3 is clearly different from rest of the modes: they are
broader and with an asymmetric line shape that may reflect the high density of magnon
states in certain points of the Brillouin zone. Secondly, they are excited by the electric com-
ponent of light, that usually dominates over magnetic-dipole absorption in a two-magnon
process [114]. The magnon dispersion has a flat region near the Brillouin zone point [1, 1, 0]
and also there is a crossing of two dispersion curves at [0, 1.5, 0], which could lead to high
density of states [41, 42]. Since the spin-wave energy in these points is 60cm~!, the ex-
pected range of a two-spin-wave excitation would be around 120cm~!. The Fj3 is not
affected by magnetic field and therefore can be |Amg| = 0 two-magnon excitation. The
F1> has a two times larger slope than the a one-magnon excitation, suggesting it is a two-
magnon excitation with |Am;| = 2.

The remaining Fy to Fy and Fi4-F7 we assign to multi-boson (quadrupolar) spin-wave
modes. The frequency versus magnetic field slopes for different modes are listed in Ta-
ble 7. We make a note here that the my defined in the Table 7 does not strictly define
the field dependence of these modes as there could be mixing of m, states, see Sec. 1.5.3.
The mixing of states could originate from the large single-ion anisotropy (A) that is com-
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parable to or stronger than the exchange couplings (J). The wave functions of mixed m;
states were calculated in Ref. [42, Table II] for a single iron spin without magnetic field.
Because the mixing of states changes with magnetic field, it was not possible to use their
results to calculate the slopes of LiFePO4 mode frequencies in magnetic field. From the
calculations of Yiu et al. it is seen that there is a group of excitations around 12.7 meV
(100 cm~!) and as well above 16 meV (130 cm~1), consistent with with the frequency span
of Fy-F; and Fi4-Fj7. We can describe the magnetic field dependence and THz activity
of these modes qualitatively as put forward next. Let us assume rotational symmetry
about y axis in Eq. (105), therefore A; = A,. The energy levels E,,_ of a spin § =2 in the
presence of single-ion anisotropy and spin quantization axis y, are Ey, E+| and E1;. The
energy differencesinH||yare Egy —E;j ~ 1 cm~IT71 E, —Ep~2 cm~ T Ei,—FE_
~3ecm Tl and E;p —E_» ~4cm~'T~. The similarity of these slopes to the slopes
in Table 7 can be recognized. Next, let us unravel how these modes obtain THz activ-
ity, hence the electric-dipole moment. The Am; = +2 electric dipole activity originates
from the on-site spin-induced polarization which in the lowest order of spin operators is
P o< 8,85 (o, B = x,y,2) [27]. If the quantization axis is y, then P o< $2 and 52 couple the
states with different Am; = 4-2. The mixing of Ej into E1;, can happen if A; # A,. Indeed,
LiFePO4 single ion anisotropies are not equal, see Table 8, and can give a finite electric-
dipole moment to the Amg; = 4, (E, — E_5), transition. The spin operators §x§y and S),S’Z
can mix the spin states different by Am; = +1, allowing electric-dipole-active Am; = +3
transitions between energy levels E1 and E+».

To conclude, by studying the magnetic field dependence of magnon modes we refined
the magnetic interactions and discovered abundance of previously undetected modes
that could in future deepen the understanding of the ME effect in LiFePO, if combined
with additional experimental techniques and theoretical calculations.
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Figure 32: LiFePO4 spin-wave resonance frequencies and absorption line areas magnetic field de-
pendence at T = 3.5K. Each column corresponds to individual magnetic field direction as {H || x,
H||y, H|| z}, while the rows correspond to individual oscillating magnetic field direction of light as
{Hf’,H)‘,",HZ“’}. Symbols are the fit results of experimentally measured resonances with Gaussian
lines and correspond to six combinations of {E, i“’,Hj‘f’} as shown on top left of the figure. The symbol
height is the square root of experimental absorption line area with the same scaling as wavenumber
axis. The symbol frequency error bars are indicated with green vertical lines. Wide solid curves are
the results of the mean-field calculation in the magnetic dipole approximation. The width of curves
is proportional to the square root of the absorption line area with the same scale as wavenumber
axis. Figure reproduced from the Supplemental Material of Ref. Ill.
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4.2 Electric-field control of transparent direction in Ba,CoGe,0;

The melilite insulator Ba,CoGe, 05 belongs to the barium based Type-Il multiferroic family
Ba,XGe,07 (X = Mn, Co, Cu) [66,94]. Ba,CoGe, 07 crystallizes into non-centrosymmetric
tetragonal P42,m space group [166-168], which crystal structure is shown in Fig. 33. The
P42, m space group has a fourth-order rotation-reflection axis perpendicular to the tetrag-
onal plane, two-fold screw axes along [100] and [010] directions and mirror planes (110)
and (110). There are two Co* ions with S = 3/2 in one magnetic unit cell, Sy and Sg in
Fig. 34(a). The spins order into a two-sublattice AFM state below the Ty= 6.7 K [166],
where the strong in-plane anisotropy forces the spins into the tetragonal (001) easy-
plane [168]. The AFM order reduces the space group symmetry to P2}2,2’, in which the
formation of four AFM domains is allowed, Fig. 34(b). The ()/ denotes the time-reversal
operation, e. g. 2’ consists of two consecutive symmetry operations, 180° rotation about
the axis and the time reversal. The static and dynamic ME effects of Ba,CoGe,05 are
explained by the spin-dependent p — d hybridization [19, 29, 95,169, 170], see Sec. 1.2.2.
Ba,CoGe, 07 was one of the first materials, where strong NDD was found at THz frequen-
cies [15].

(a)

© 2,

c || [001]

I—>a||[100] L I—>all [100]

Figure 33: The crystal structure of Ba,CoGe,07 along (a) c axis and (b) b axis. The Co and Ge ions
are inside Oy4 tetrahedra which are connected from corners and form two-dimensional layers. The
layers of CoO4 and GeOg4 are stacked along ¢ having Ba spacer ions between the layers. This figure
was produced with Vesta [158].

The Ba;CoGe, 07 spin dynamics can be described with a Hamiltonian consisting of pa-
rameters stated in Ref. Il and Refs. [19,29,118,171] as

Y (Sisq+8080) e X (S5S5)
(i) (i)

~ D, (s,@s’; - sf’s;f) FAY (50! = L EaPf (106)

H

— HBHo (gaHaS? JrngbS? Jrchch)} )

where (i, j) pairs index the nearest-neighbour sites, J and J,. are anisotropic Heisenberg
exchange interactions, D¢ is the Dzyaloshinskii-Moriya interaction, A is single-ion anisotropy,
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E, is external electric field and P? is the spin-induced polarization. The values of parame-
ters are listed in Table 9. The cobalt spins are directly coupled to the induced polarization
PJ‘? through spin-quadrupole operators as

P o< —cos (2k;) (5?55 +S§Sl;> +sin (2K;) (8755 +5555) ,

b c c . b qc c b
P} o< —cos (2k;) ($985 4 8559) — sin (2k;) (Sij—FSij) ) (107)

2
P; o< —cos (2K;) (S‘}S?JrS?S?) +sin (2k;) {(S?)z - (S.?) } )

where a, b and ¢ refer to the axes [100], [010] and [001] respectively, j = A,B is site
index, k; is the orientation angle between Ge and Co tetrahedra where k5 = — kg = K,
see Fig. 34(a). The weak Dzyaloshinskii-Moriya interaction was neglected in Ref. 1l as it is
negligible compared to the exchange interactions.

(a) dom I. dom . dom II.

S (b)M M
3 .
S M M

c|[[001] ~ a[|[100]

Figure 34: (a) The Ba>CoGe,07 low temperature canted antiferromagnetic order in domain | without
magnetic field. The spins of Co*" ions are shown with dark red arrows. There are two spins in
one magnetic unit cell denoted with Sy and Sg. The two symmetry operations are shown with
half-arrows, black 2| screw axis along b and red 2’1 orthogonal screw axis along a axis with the
time reversal symmetry. The M = Sp + Sg is uniform magnetization marked with red arrow and
L = Sp — Sy is staggered magnetization marked with violet arrow. (b) The four possible domain
configurations. Magnetic field applied along c induces electric polarization P = P + Pg (light blue
arrow) via linear magnetoelectric effect. This figure is reproduced from Ref. II.

The spin-wave excitations of Ba,CoGe,05 have previously been studied with INS [166,
172-174] and THz spectroscopy [15, 18, 20, 29]. These studies revealed two sharp spin-
wave excitations at 18 cm~! (No. 1) and 34 cm~! (No. 2) [15], see Fig. 35(a). No. 1 is only
present if excited by H® or Hf" being independent of the E® direction, therefore labelled
as magnon that can be described with standard spin-wave theory. No. 2 is a ME resonance
that in magnetic field normal to the easy plane, H|| ¢, has strong v-type splitting to modes
No. 2-2 and No. 2-3, with an extra mode No. 2-4 emerging from the No. 2-3 branch, see
Fig. 35(a). To explain the additional modes the multi-boson spin-wave theory was used
in Ref. [29] that revealed the exotic nature originating from Ams = 2 to 3 excitations with
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Table 9: The parameters considered in Ref. Il and Refs. [19,29,118,171] to describe the static magnetic
properties of Ba,CoGe,07: exchange couplings J and J., single-ion anisotropy A, Dzyaloshinskii-
Moriya coupling D, and anisotropic g-factor g;. All parameters are in units of meV except the dimen-
sionless g;. The Dzyaloshinskii-Moriya parameter was calculated using D, = 0.04J from Ref. [118].

J Je A D* ga g 8  Ref.

0.198 0.155 121 0.008 2.24 218 21 [171]

possible oscillations of the spin length. Additionally, the theory predicts that mode No. 2-4
is present in zero magnetic field just hidden under the degenerate mode No. 2, Fig.1 in
Ref. [29].

Magnetic field H|| ¢ induces an on-site electric polarization 0P in the ab plane via the
linear magnetoelectric effect. The induced electric polarization is parallel to the staggered
sublattice magnetization L = S5 — Sg, see Fig. 34(b), and averages out between the do-
mains if the field is perfectly aligned along c. Small tilting of the magnetic field from ¢ will
rearrange the domain population [95], which can be detected as NDD of spin waves as
described in Sec. 1.3.3. Whereas with H||a or H|| b the ferroelectricity vanishes accom-
panied with the spin pattern breaking all mirror-plane symmetries of lattice resulting in
the material becoming chiral. In this magnetically induced chiral state it was found that
modes No. 2 and No. 2-4 exhibit gigantic MChD as well as strong natural circular dichroism
(NCD) [20].

In this work, Ref. 1l, we exploited the NDD effect of different domains by applying
in-plane electric field E || a which, as the tilting of magnetic field does [95], can break
the delicate balance of four domains. By changing the direction of the electric field, we
attained control over the absorption of THz radiation with wavevector k by spin waves in
the configuration k || (E x H) wherek | b,E || aandH||c.

The single crystals were grown by the optical floating zone technique by V. Kocsis in
RIKEN, following Ref. [95]. The crystal quality and crystallographic axes were verified with
the X-ray Laue diffraction. The determined axes were used to cut slabs with edges along
crystallographic axes a and c. The thickness of slabs was about 0.7 mm in the b direc-
tion. Gold wire electrodes were painted with silver paste on the parallel sides of the rect-
angular (010) cut to facilitate the application of electric field along the a axis. The THz
measurements were performed with the TeslaFIR setup using the rotatable Voigt probe
with electric field option, described in Sec. 2.4.2. To determine the sample rotation angle
when the ¢ axis is precisely along the magnetic field, we used the No. 2 mode frequency
dependence on the magnetic field orientation, as described in Sec. 2.6.

The main results of Ref. Il are presented in Fig. 35, showing how the absorption
changes depending on the applied +E and =H. The measurements were performed in
polarization {E®, H?} at T = 3.5K, in electric field E, = £3kV/cm and in magnetic field
up to upH, = £15T. There are two different effects that exist when +E and +H are ap-
plied. Firstly, the magnetic field induces absorption difference depending on the magnetic
field sign, see Fig. 35(a). Secondly, the applied electric field induces absorption difference
depending on the E sign, see Fig. 35(b). Additionally, the absorption difference in +-E has
a different sign depending on the magnetic field direction, see Fig. 35(b).

We used multi-boson spin-wave theory following Ref. [29] to calculate the susceptibil-
ities of spin-wave excitations of Ba,CoGe,0; for the configuration of applied fields H | c,
E || a, and in polarization {H?||a, E®||c}. We considered the Hamiltonian, Eq. (106), with-
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out the weak Dzyaloshinskii-Moriya interaction. The magnetic susceptibility x>, plot-
ted in Fig. 35(c), was calculated using the transition matrix elements of spin operators,
|(0|8%|n)|?, between the ground state |0) and the excited state |n), where a = a,b or c.
The ME susceptibility, x™ o< (0| P¢|n)(n|S%|0), where the electric polarization operator P*
is expressed in spin operators, see Eq. (107). The result of calculation is shown in Fig. 35(d).

The lower energy mode, No. 1, has finite magnetic susceptibility x> only in domains
Il and IV, Fig. 35(c). The spin stretching modes No.2 and No. 4 have finite y2™ in do-
mains | and lll and as well in Il and IV. Both these modes show finite ME susceptibility x5,
whereas the sign of the x5 depends on the sign of electric and magnetic field allowing
the switching between domain | and Ill. These finite dynamic ME susceptibilities predict
the NDD of spin wave excitations by ME sum rule Eq. (39) which is also captured by the
experiment shown in Fig. 35(b). More comprehensive and detailed analysis of the theory
results, symmetry considerations and experimental observations can be found in Ref. II.

We have been one of the first to demonstrate electric-field switching of AFM domain
population which we detected as a NDD effect of ME excitations. From the application
point of view the results of Ref. Il are remarkable for the electric field switching of absorp-
tion. However, the NDD effect is present only below 6.7 K and the switching is not ideal.
The level of NDD switching depends on the history of electric field sweeps and there is
a small remnant finite absorption difference, i.e hysteresis, see Ref. Il Fig.3 and Ref. |l
Supplemental Material. Although these factors hinder the usefulness Ba,CoGe, 05, our
study is an important step forward in understanding how to design electrically switchable
magnetic domains and light diodes.
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Figure 35: Ba,CoGe,07 NDD effect of spin-wave resonances in =E and £H compared to theory at
T = 3.5K. The spectra are recorded in polarization {Ec“’, Hg’}, in electric field E, = £3kV /cm and
in magnetic field up to uyH. = £15T. (a) The THz absorption spectra averaged for opposite electric
field directions, (0. + 0_E) /2, in magnetic field +H, red line, and in —H, blue line. (b) The electric-
field induced change of absorption spectra in =H presented as the difference of the absorption
spectra (o g — a_g). (c) The magnetic susceptibility, x.o™, in different domains calculated using
the multiboson spin-wave theory. The domains | and Il are indicated by violet line while domains
Il and IV by green line. (d) The ME susceptibility, x5, in domains | (red) and Ill (blue) calculated
using the multiboson spin-wave theory. Grey lines indicate the resonance energies in magnetic field.
Spectra on each panel is shifted proportionally to the absolute value of magnetic field. This figure is
reproduced from Ref. II.
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5 Summary

We fulfilled the goals to investigate the magnetic field dependence of THz absorption
spectra and magnetoelectric coupling of the spin-waves in orthophosphates LiNiPO4 and
LiFePO4 and to demonstrate the electric field switching of non-reciprocal directional dichro-
ism (NDD) of magnetoelectric resonances in Ba,CoGe, 0.

Next, are the main results of this thesis:

1. We measured the THz absorption spectra and magnetization in various magnetically
ordered phases in LiNiPO4. With THz absorption spectroscopy we found magnons,
a two-magnon continuum, an electromagnon, a magnetoelectric resonance and a
two-magnon ME resonance. We constructed a mean-field model to describe the
magnetic field dependence of the four magnon modes and the magnetization in
the commensurate magnetic phases. With this model we refined the values of
exchange couplings, single-ion anisotropies, and Dzyaloshinskii-Moriya interaction.
The two-magnon excitations were described by calculating the magnon density of
states in magnetic field which revealed additional exchange interactions that are
usually silent in THz spectroscopy.

2. We measured the THz absorption spectra in magnetic field up to 32T and magne-
tization in pulsed magnetic field up to 130T in LiFePO4. The spin-wave resonances
in THz absorption spectra were identified as magnons, electromagnons and mag-
netoelectric resonances. With the mean-field model we described the magnetiza-
tion and the magnetic field dependence of four magnon modes. From the model
fit we could adjust the values of exchange couplings, single-ion anisotropies, and
Dzyaloshinskii-Moriya interaction. We suggest, based on the magnetic field depen-
dence of spin-wave frequencies and the absorption line shape, that some of the
higher energy modes are spin stretching spin-waves or two-magnon excitations.

3. We re-designed the rotational Voigt probe for electric field measurements. With
this probe using non-reciprocal light absorption phenomenon of spin-waves we
demonstrated novel electric field control of antiferromagnetic domains in Ba;CoGe,05.
We confirmed using multi-boson spin-wave theory that the electric-field-induced
change of non-reciprocal directional dichroism originates from the change of anti-
ferromagnetic domain population driven by applied electric field.
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Abstract
Spin-waves in magnetoelectric materials with strong single-ion
anisotropy

Directing electromagnetic radiation upon magnetically ordered matter can force electron
spins to deviate from their ground state by exciting low-energy magnetic waves called
spin-waves. The properties of these waves are defined by the interactions of magnetic
ions. By characterizing these waves, it is possible to quantify magnetic exchange interac-
tions between the spins and their coupling to the lattice and electric charges. Convention-
ally, the spin-waves are excited by the magnetic component of light. However, recently
it was found that the electric component can excite the spin-wave (electromagnons) and
there are spin-waves that are excited by magnetic and electric components simultane-
ously (magneto-electric resonances). Such sensitivity of the spin-waves to the electric
field is inherent to multiferroic materials where the magneto-electric (ME) coupling links
the spin and charge degrees of freedom. This dynamic ME coupling extends to zero fre-
qguency and makes it possible to control magnetization by electric field or electric polar-
ization by magnetic field. The dynamic ME coupling can give rise to numerous novel phe-
nomena, such as the refractive index inequality for the counter-propagating light beams,
termed as non-reciprocal directional dichroism (NDD). The practical realization of ME ef-
fect is an optical diode with switchable transmittance direction or a ME memory with
optical read-out. Thus, the spin-waves can provide valuable information not only about
the magnetic properties, but they can also offer insight into the ME nature of materials
and in addition support the development of new applications that take advantage from
the ME effect.

Another interesting aspect of ME materials is that their low symmetry, in addition to
broken space and time inversion symmetry, and strong single-ion anisotropies, makes it
possible to observe unconventional multi-spin and spin-stretching excitations with THz
spectroscopy. The best known multi-spin excitation is a two-magnon excitation where one
absorbed photon creates two magnons with wavevectors k; and k,. While the long wave-
length radiation excites one magnon, k = 0, in the Brillouin zone centre, the two-magnon
pair is excited if k; + Kk, =~ 0. Observation of two-magnon excitations allows THz spec-
troscopy to access exchange interactions connecting spins in the neighbouring unit cells.
In addition, spin-stretching modes and two-magnon excitations can be ME resonances
and usually are excited at higher frequencies than magnons. Studying these excitations is
important as they can shed light on exchange interactions that are usually not accessible
by spectroscopy and in terms of applications, they can extend the frequency range of NDD
effect based devices.

In this work three ME compounds, LiNiPOg4, LiFePO4 and Ba,CoGe, 07, were studied in
THz frequency range at the National Institute of Chemical Physics and Biophysics, using
the Martin-Puplett interferometer with liquid-helium-bath cryostat and a 17 T supercon-
ducting magnet. Additionally, Ba,CoGe,0; measurements included the application of an
external electric field. The magnetic field range of THz spectroscopy measurements of
LiNiPO4 and LiFePO4 was extended up to 33T in High Field Magnet Laboratory (HFML)
in Nijmegen with Genzel type interferometer and resistive Bitter magnet. The LiNiPO4
and LiFePO4 low field magnetization measurements were done by using a 14 T PPMS with
VSM option. The magnetization of LiNiPO4 was measured in HFML, Nijmegen up 33T and
the magnetization of LiFePO4 was measured up to 120 T using ultra-high semidestructive
pulses at the Laboratoire National des Champs Magnétiques Intenses in Toulouse.

LiFePO4 and LiNiPO4 belong to the orthophosphate family LiMPO,4 (M = Fe, Ni, Co, Mn)
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showing linear ME effect. Orthophosphates have gained attention because a ferrotoroidal
order and a dynamic ME effect with remnant NDD were found in LiCoPO4. Compared to
LiCoPO4, where Co?* ions have spin § = 3/2, the LiFePO4 with S = 2 and LiNiPO4 with
S = 1 offers ideal ground to investigate the peculiarities of this family ME effect even
further. As spectroscopic data of spin-waves in low frequency range was limited or did
not exist, we focused on the measurements of THz absorption spectra of spin-waves in
magnetic field with the aim of identifying the ME spin excitations and determining the
magnetic interactions parameters.

Previously, LiFePO4 and LiNiPO4 have been studied with inelastic neutron scattering
where two individual magnon dispersion branches were detected. Based on the linear
spin-wave theory, the number of magnons in the four-sublattice crystals is four. Our
THz spectroscopy measurements yielded far richer spin-wave spectrum with 7 modes in
LiNiPO4 and 17 modes in LiFePO, in the zero magnetic field. This high number of modes
could be explained by the multi-boson spin-wave theory, but as it is a rather complex and
time-consuming theory to implement, we did not practice it with LiNiPO4 and LiFePO4.
In both compounds a systematic study of 14 different configurations of polarization and
magnetic field directions was carried out. Through polarization dependence study we
determined the selection rules of excitations and identified them as magnons, electro-
magnons and ME resonances. These results together with magnetization measurements
and combined with the mean-field model enabled us to determine the exchange param-
eters, anisotropies and Dzyaloshinskii-Moriya at a level of precision not done before in
LiNiPO4 and LiFePQg.

The third compound, Ba,CoGe, 07, is a multiferroic with a non-centrosymmetric tetrag-
onal crystal structure. The two-sublattice AFM state is realized below Ty = 6.7 K with four
anti-ferromagnetic (AFM) domains and two 3/2-spin Co2T ions in the magnetic unit cell.
The previous studies showed that macroscopic electric polarization is zero, if the mag-
netic field is perfectly aligned along the ¢ axis while small tilting of the field out of the ¢
direction leads to the hysteresis of polarization, suggesting the change of AFM domains
population by the magnetic field. In this work we applied electric field along the a axis, in
addition to the magnetic field applied along the ¢ axis. We detected the rearrangement
of domains by NDD of spin-waves using THz spectroscopy. By switching the polarity of
electric field we could attain similar control over the domain population as was done with
the tilting of magnetic field alone. The multi-boson spin-wave theory confirmed that the
non-reciprocal light absorption by some of the spin-wave excitations depends on the AFM
domain type. These results conclude this whole work by showing the practical importance
of studying the ME effect and that the novel electric field control of magnetic domains and
NDD is possible, promoting the future development of voltage-controlled THz-frequency
devices.
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Kokkuvote
Spinn-lained tugeva anisotroopiaga magnetelektrilistes mater-
jalides

Elektromagnetkiirguse neeldumisel magnetiliselt korrastunud materjalides ergastatakse
elektroni spinne. Tekkinud ergastused on spinn-lained, mille omadused on maaratud spin-
nidevaheliste vastasmojudega. Spinn-lainete md6tmine annab véimaluse uurida magnet-
momentide vahelisi vastasmojusid ja ka spinnide vastasmoju kristallvore ja elektrilaengu-
tega.

Tavaliselt ergastab spinn-laineid valguse magnetiline komponent. Hiljuti aga avasta-
ti, et ka valguse elektriline komponent ergastab spinn-laineid (elektromagnonergastus) ja
erandjuhtudel voivad valguse magnetiline ja elektriline komponent korraga spinn-lainet
ergastada (magnet-elektriline ergastus). Magnet-elektrilised ergastused on omased mul-
tiferroididele, millel esineb magnetelektriline vastasmaoju. Diinaamiline magnetelektriline
nahtus méjutab ka materjali staatilisi magnetelektrilisi omadusi nullsagedusel ja seelabi
voimaldab kontrollida magneetuvust elektriviljaga ja elektrilist polarisatsiooni magnet-
valjaga. Magnetelektriline vastasmoju tekitab murdumisnaitajate erinevuse vastassuunas
levivatele valguskiirtele, mida nimetatakse suunadikroismiks. Seelabi voib magnetelektri-
line vastamoju leida kasutust optilistes dioodides, kus valguse labilaskvuse suunda saab
lilitada elektri- voi magnetvaljaga, samuti magnetelektrilistes optiliselt loetavates malu-
des. Eelnevat ldistades: spinn-lainetest saab vaartuslikku teavet nii materjali magnetiliste
omaduste, kui ka magnetelektrilise vastasmoju kohta ja need uuringud edendavad uudse
magnetelektrilise tehnoloogia arendamist.

Uks multiferroidide huvitav omadus on see, et nende madal simmeetria voimaldab
lisaks rikutud ruumi- ja ajainversioonisimmeetriale vaadelda THz-spektroskoopiaga tava-
tuid mitme-spinni ergastusi ja kvadrupoolseid spinn-laineid. Kéige tuntum mitme-spinni
ergastus on kahe-magnoni ergastus, kus tihe footoni neeldumisel tekib kaks magnonit lai-
nevektoritega k; ja k;. THz sagedusel ergastatakse magnon Brillouini tsooni keskel, k =~ 0,
aga kahe-magnoni ergastus voib sellist optikanouet rikkuda, kui erisuunaliste lainevekto-
rite summa on k; +k; ~ 0. Kahe-magnoni ergastus voimaldab seeldbi THz spektroskoo-
piaga mdo6ta spinnide vahetusvastasmojusid naaber-thikrakkude vahel. Kvadrupoolsed
spinn-lained esinevad S > 1/2 spinniga kristallides ja on magnetilise kvadrupoolmomen-
di vonkumised, samas kui magnonid on magnetilise dipoolmomendi vénkumised. Kvad-
rupoolsete spinn-lainete eripara on selles, et nendega kaasnevad elektrilise dipooli von-
kumised, mistottu nad avalduvad THz-kiirguse neeldumisspektrites, samas jaddes nihta-
matuteks mitte-elastse neutronhajumise spektrites, sest neutroni magnetmoment ei in-
terakteeru elektridipoolmomendiga. Nii kvadrupoolne spinn-laine kui ka kahe-magnoni
ergastus voivad mélemad olla magnetelektrilised resonantsid, enamasti esinedes korge-
matel sagedustel. Kokkuvotvalt voib delda, et nende ergastuste mé6tmine annab voimalu-
se madarata vastasmojusid, mis (ihe-magnoni ergastustes ei avaldu ja véimaldab arendada
suunadikroismil pohinevaid seadmeid veel kérgematel sagedustel.

Antud t606s uuriti kolme magnetelektrilist materjali, LiNiPOg4, LiFePO4 ja Ba,CoGe, 07,
THz spektroskoopiaga Keemilise ja Bioloogilise Fiilsika Instituudis, kasutades Martin-Pup-
lett’i tlpi spektromeetrit, heeliumiga jahutatavat kriiostaati ja 17 Teslast Ulijuhtivat mag-
netit. Ba,CoGe,0; moodtmistel kasutati lisaks magnetvaljale ka alaliselektrivalja. Taienda-
vad THz spektroskoopia mootmised LiNiPO4 ja LiFePO4 kristallidega kuni 33 Teslani vii-
di 13bi Korgete Magnetviljade Laboris (HFML) Hollandis, Nijmegenis, kus kasutati Genzeli
tllipi spektromeetrit ja Bitteri elektromagnetit. Uuritavate kristallide magneetuvust moo-
deti kuni 14 Teslani flilsikaliste omaduste mdéteseadmega PPMS (Physical Property Me-
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asurement System), kasutades VSM (Vibrating Sample Magnetometer) magnetomeetrit.
LiNiPO4 magneetuvust moddeti kuni 33 Teslani Hollandis, Nijmegenis ja LiFePO4 magnee-
tuvust moodeti kuni 120 Teslani kasutades impulssmagnetviélja Riiklikus Intensiivsete Mag-
netvaljade Laboris Prantsusmaal, Toulouses.

LiNiPOy4 ja LiFePO4 kristallid kuuluvad lineaarsete magnetelektrikute ortofosfaatide pe-
rekonda LiMPO,4 (M = Fe, Ni, Co, Mn). Antud isolaatorite perekond on saanud tihelepa-
nu tanu LiCoPO, kristallis avastatud ferrotoroidaalsele korrale ja suunadikroismile, mis
sailib parast polariseerivate viljade nulli viimist. Sarnaselt LiCoPO4-ga (S = 3/2), on Ni
ja Fe spinnid suuremad kui 1/2, vastavalt S = 1 ja S = 2, mis tdhendab kvadrupoolsete
spinn-lainete ja magnetelektriliste ergastuste olemasolu véimalikkust. Kuna peamine tea-
ve spinn-lainete kohta parines mitte-elastse neutronhajumise spektritest, siis suunasime
peamise tahelepanu THz kiirguse neeldumisspektrite mootmisele magnetvaljas. Taien-
davaks eesmargiks oli leida magnetelektrilisi ergastusi, millel voiks olla suunadikroism ja
maarata magnetiliste vastamojude parameetrid.

Eelnevalt on LiFePOy4 ja LiNiPO4 kristalle mé6detud mitteelastse neutronhajumise mee-
todil, kus tlekantud impulsi energia dispersioonikdverate alusel tuvastati kaks magnonit.
Lineaarse spinnlaine teooria kohaselt on nelja magnetilise alamvorega LiMPQO, kristalli-
des oodatav magnonite arv neli. Meie THz spektroskoopia méotmised naitasid aga pal-
ju rikkalikumat spektrit, kus oli 7 erinevat spinn-ergastust LiNiPO4 kristallis ja 17 spinn-
ergastust LiFePO,4 kristallis. Varasemast on teada, et sedavord korget ergastuste hulka
saab seletada multi-boson spinn-laine teooriaga, mille rakendamist LiNiPO4 ja LiFePO4
kristallides ei voimaldanud doktorité6 maht ja eesmargid. Uurides leitud ergastuste sol-
tuvust THz kiirguse polarisatsioonist maarasime spinn-lainete valikureeglid, mis véimal-
dasid grupeerida ergastused magnoniteks, elektromagnoniteks ja magnetelektrilisteks er-
gastusteks. Mélemas tihendis mootsime THz spektreid 14 erinevas magnetvalja ja polari-
satsiooni konfiguratsioonis. Uhendades antud tulemused magneetuvuse mé6tmistega ja
spinn-laine teooriaga, maarasime magnetiliste ioonide vastasmojud, (ihe iooni anisotroo-
pia ja Dzyaloshinskii-Moriya vastasmoju parameetrid tapsemini kui kunagi varem.

Kolmas uuritud Ghend Ba,CoGe,0; on multiferroid millel on inversioonisimmetria-
ta tetragonaalne kristallstruktruur. Antud kristallis tekib antiferromagnetiline korrapara
allpool 6.7K, kus ihes magnetilises tihikrakus on kaks Co®* iooni spinniga § = 3/2 ning
esineb neli antiferromagnetilist domeeni. Varasemad uuringud on naidanud, et makros-
koopiline elektriline polarisatsioon on null, kui magnetvali on rakendatud tapselt kristalli
tetragonaalse c telje suunas. Samas, vaike magnetvalja korvalekaldumine c teljest tekitab
elektrilise polarisatsiooni ja selle hiistereesi, mis viitab antiferromagnetiliste domeenide
Umberjaotumisele. Selles t60s, lisaks magnetviljale (uoH) ¢ telje suunas, rakendasime
elektrivilja (E) piki a telge. Kuna spinn-lainetest pohjustatud suunadikroism séltub do-
meenist, siis kasutasime THz spektroskoopiat domeenide asustatuse moéotmiseks. Elekt-
rivalja polaarsuse vahetamisega muutsime antiferromagnetiliste domeenide vahekorda,
nagu eelnevalt tehti kristalli ¢ telje ja magnetvalja vahelise nurga muutmisega. Multi-
bosonite spinn-laine teooria kinnitas, et magnetelektriliste ergastuste suunadikroism sol-
tub antiferromagnetilise domeeni tiitbist.

Ba,CoGe;, 05 katsetes saadud tulemus votab kokku kogu doktorit6d, naidates mag-
netelektrilise efekti uurimise praktilist tahtsust ja demonstreerides uudset magnetelekt-
rilise nahtuse kontrollimist elektrivaljaga, millest on kasu elektrivéljaga juhitavate THz-
sagedusseadmete arendamisel.
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Spin excitations of magnetoelectric LiNiPO,4 are studied by infrared absorption spectroscopy in the THz
spectral range as a function of magnetic field through various commensurate and incommensurate magnetically
ordered phases up to 33 T. Six spin resonances and a strong two-magnon continuum are observed in zero
magnetic field. Our systematic polarization study reveals that some of the excitations are usual magnetic-
dipole active magnon modes, while others are either electromagnons, being only electric-dipole active, or
magnetoelectric, that is both electric- and magnetic-dipole active spin excitations. Field-induced shifts of the
modes for all three orientations of the field along the orthorhombic axes allow us to refine the values of the
relevant exchange couplings, single-ion anisotropies, and the Dzyaloshinskii-Moriya interaction on the level
of a four-sublattice mean-field spin model. This model also reproduces the spectral shape of the two-magnon
absorption continuum, found to be electric-dipole active in the experiment.
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I. INTRODUCTION

Potential of magnetoelectric (ME) materials in applications
relies on the entanglement of magnetic moments and electric
polarization [1-8]. Such an entanglement leads not only to
the static ME effect but also to the optical ME effect. One
manifestation of the optical ME effect is the nonreciprocal
directional dichroism, a difference in the absorption with
respect to the reversal of light propagation direction [9-12].
The spectrum of nonreciprocal directional dichroism and the
linear static ME susceptibility are related via a ME sum rule
[13]. According to this sum rule the contribution of simulta-
neously magnetic- and electric-dipole active spin excitations
to the linear ME susceptibility grows as ™2 with @ — 0.
Indeed, strong nonreciprocal directional dichroism has been
observed at low frequencies, typically in the GHz-THz range,
at spin excitations in several ME materials [14-26]. Besides
the interest in the nonreciprocal effect, the knowledge of the
spin excitation spectrum and selection rules, i.e., whether
the excitations are ordinary magnetic-dipole active magnons,
electromagnons (electric-dipole active magnons [27]), or ME
spin excitations (simultaneously magnetic- and electric-dipole
active spin excitations), is crucial in understanding the origin
of static ME effect.

It is well established that the static ME effect is present
in several olivine-type LiMPO, (M = Mn, Fe, Co, Ni) com-
pounds [28-35]. LiNiPOy is particularly interesting due to
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many magnetic-field-induced phases, some with incommen-
surate magnetic order, which is unique in the olivine lithium-
orthophosphate family [36]. However, little is known about
the spectrum of spin excitations and their selection rules.

THz absorption spectroscopy offers an excellent tool to
investigate spin excitation spectra over a broad magnetic field
range. As compared to the inelastic neutron scattering (INS),
only spin excitations with zero linear momentum are probed,
but with a better energy resolution. In addition to excitation
frequencies, THz spectroscopy can determine whether the
spin excitations are magnetic-dipole active magnons, electro-
magnons, or ME spin excitations. This information is essential
for developing a spin model that would describe the ground
and the low-lying excited states of the material.

We studied the spin excitation spectra of LiNiPO4 in
magnetic field using THz absorption spectroscopy. In the
previous INS works two magnon branches were observed
below 8 meV [36-38]. Here we broaden the spectral range
up to 24 meV, which allows us to observe additional spin
excitations and to identify the polarization selection rules for
the spin excitations. Using a mean-field model we describe
the field dependence of the magnetization and the magnon
energies in commensurate phases, from where we refine the
values of exchange couplings, single-ion anisotropies, and
the Dzyaloshinskii-Moriya interaction. Besides magnons de-
scribed by the mean-field model, few other spin excitations,
including two-magnon excitations, are observed.

©2019 American Physical Society
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FIG. 1. The ground-state spin configuration of LiNiPOy in zero
magnetic field. There are four Ni** spins, S = 1, in the magnetic
unit cell drawn as a box. The spins are canted away from the z axis
towards the x axis by 8 = +(7.8° £ 2.6°) [36,39]. The numbering
of spins and the labeling of exchange interactions corresponds to the
spin Hamiltonian described by Eq. (1).

LiNiPO4 has orthorhombic symmetry with space group
Pnma. The magnetic Ni>" ion with spin § = 1 is inside a
distorted Og octahedron. There are four Ni>* jons in the struc-
tural unit cell forming buckled planes perpendicular to the
crystal x axis, as shown in Fig. 1. The nearest-neighbor spins
in the yz plane are coupled by strong AF exchange interaction
which results in a commensurate AF order below Ty = 20.8 K
[40,41]. The ordered magnetic moments are almost parallel to
the crystallographic z axis with slight canting towards the x
direction [42]. On heating above Ty the material undergoes a
first-order phase transition into a long-range incommensurate
magnetic structure. Further heating results in a second-order
phase transition into the paramagnetic state at Tjc = 21.7 K,
while short-range magnetic correlations persist up to 40 K
[41]. Owing to the competing magnetic interactions LiNiPO4
has a very rich H-T phase diagram with transitions appearing
as multiple steps in the field dependence of the magnetization
[43,44]. The delicate balance of the nearest-neighbor and the
frustrated next-nearest-neighbor exchange interactions puts
the material on the verge of commensurate and incommen-
surate structures, which alternate in increasing the magnetic
field applied along the z axis as shown in Fig. 2(a) [37,38,42].

II. EXPERIMENTAL DETAILS

LiNiPOy single crystals were grown by the floating zone
method, similarly as described in Ref. [45]. Crystal quality
was tested by 2-6 and Laue x-ray diffraction, which re-
confirmed the orthorhombic structure with the same lattice
constants as reported in Ref. [46]. Three samples each with
a large face normal to one of the principal axes were cut
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FIG. 2. Magnetic field H dependence of the magnetization M
parallel to the field at 2.4 K. (a) H || z, (b) H || y (green) and H || x
(blue). Solid lines are experimental results and the dashed lines are
calculated from the mean-field model with the parameters of this
work listed in Table 1.

from the same ingot. For optical measurements the slabs with
thicknesses from 0.87 to 1.09 mm had an approximately 2°
wedge to suppress interference caused by internal reflections.
Samples were mounted on metal discs where the hole depend-
ing on the sample size limited the THz beam cross section to
8—16 mm?.

THz measurements up to 17 T were performed in Tallinn
with a Martin-Puplett interferometer and a 0.3-K silicon
bolometer. High-field spectra from 17 T up to 33 T were
measured in the Nijmegen High Field Magnet Laboratory
using a Bruker IFS 113v spectrometer and a 1.6-K silicon
bolometer. The experiments above 17 T were done in the
Faraday configuration (k| H), while below 17 T both the
Faraday and the Voigt (k L H) configuration experiments were
performed. All spectra were measured with an apodized spec-
tral resolution of 0.5 cm™!. A linear polarizer was mounted
in front of the sample to control the polarization state of the
incoming light.

Absorption was determined by using a reference spec-
trum. The reference spectrum was obtained on the sam-
ple in zero magnetic field in the paramagnetic state at
T =30 K or by measuring a reference hole with the area
equal to the sample hole area. In the former case the rel-
ative absorption is calculated as «(H,T) — a(0T,30K) =
—d 'In[I(H, T)/I(0T, 30K)] where d is the sample thick-
ness and / is the measured intensity. In the latter case the
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absolute absorption is calculated as o = —d ! In(I /1) where
I, is the intensity through the reference hole.

Magnetization up to 32 T was measured in the Nijmegen
High Field Magnet Laboratory on a Bitter magnet with a
vibrating-sample magnetometer (VSM) and additional low-
field measurements were done using a 14-T PPMS with VSM
option (Quantum Design).

III. MEAN-FIELD MODEL AND MAGNONS

The terms included in the spin Hamiltonian, exchange
interactions, single-ion anisotropy terms, and the Zeeman
energy correspond to those also considered in earlier works
on LiNiPO4 [36-38]. The model contains four spin variables
as classical vectors {S;, S, S3, S4} in accordance with the
four crystallographically nonequivalent positions of the spin
S = 1 Ni** ions in LiNiPO,. The four spins of the magnetic
unit cell are connected by five different exchange couplings
as presented in Fig. 1. Two of these couplings, J, and J.,
connect spins at the same crystallographic sites producing,
irrespective of the spin state, a constant energy shift in the I'
point within the four-sublattice model. Although these terms
are omitted in the analysis of single-magnon excitations, they
become relevant in the analysis of two-magnon excitations as
discussed in Sec. B. The spin Hamiltonian of the magnetic
unit cell in the four-sublattice model reads

H= [Ax (S[X)2 + Ay(S,-y)2 — gupioH - S,-]

M-

i=1
+4[Jio(S1 - 82483 S4) + Sy (S1 - S5+ S5 - S4)
+12(S1-S4+ 852+ 83)

+ Dy(SiS; - S{S; + 5383 - 8355)]. M

Due to the strongly distorted ligand cage of the magnetic
ion, the orthorhombic anisotropy of the crystal is taken into
account by two single-ion hard-axis anisotropies, A, Ay > 0.
The parameters in the Zeeman term are the g factor g, the
Bohr magneton ug, and the vacuum permeability (9. Param-
eters Jy;, Jyy, and Jy, are the isotropic Heisenberg exchange
couplings as shown in Fig. 1, while D, is the Dzyaloshinskii-
Moriya interaction.

According to the neutron-diffraction studies [47,48] the
ground-state spin configuration of LiNiPO, in zero magnetic
field is a predominantly collinear AF order, where S; and S,
point in +z, while S3 and S4 in the —z direction, shown in
Fig. 1. Thus, the dominant exchange interaction is the AF
Jy. > 0 coupling, while z is an easy axis as Ay, A, > 0. On
top of the collinear order a small alternating canting of spins
with net spin along x is superimposed [39]. Canting is induced
by the Dzyaloshinskii-Moriya coupling D, and breaks the
equivalence of S; and S, as well as S3 and S4. The canting
angle 6 measured from the z axis is approximately

2D,

tanf X ——.
Ax - 4(sz - sz)

@)

At each magnetic field, the ground-state spin configuration is
obtained by minimizing the energy corresponding to Eq. (1).

The resonance frequencies and amplitudes of modes are
calculated using the Landau-Lifshitz equation [49]
. 1 oH
Si=—=S;

TR T ®

where $; = dS;/dt.

We solve Eq. (3) for small spin deviations {§S} =
{8S1,...8Sy} from the equilibrium {S°} ={SY,...S%}.
where {S} = {S°} + {8S}, with N spins in the magnetic unit
cell. It follows from Eq. (3) that §S; L S;, leaving the spin
length constant in the first order of §S;. Inserting {S} into
Landau-Lifshitz Eq. (3) and keeping only terms linear in §S;
(terms zero order in 8S; add up to zero) we get

. 1 dHs
88 = ——8) , 4
AU T @
where the effective field is
d 0
Hs  OH )

38;i  3Si|isypiss)

We solve Eq. (4) by assuming harmonic time dependence
8S;(t) = &S, exp(iwt). The number of modes is equal to the
number of spins in the unit cell.

To calculate the absorption of electromagnetic waves by
the magnons we introduce damping. The Landau-Lifshitz-
Gilbert equation [50] for the ith spin is

. 1 d Hg o a9 7‘[5

S, = hS'X 7S, +hS,-S'XSlX 3s, (6)
where « is a positive dimensionless damping parameter and
small, < 1. UsingA x Bx C=B(A-C)—C(A-B),and
adding a weak harmonic alternating magnetic field, H*(r) =
H® exp(iot), to the effective field yields the following form of
the equation of motion up to terms linear in §S; and H”:

. 1 R
8S; = —=8? x [ﬁ - uoH”(z)]

ht 0S;

aS? , [0H; Y
g??si'[asi — oH (t)]

o dHs

— =50 — oH @) | 7
h’[as,- o ()] @)

The absorption of electromagnetic waves by the spin
system related to magnetic dipole excitations is calculated
from Eq. (7) by inserting 8S,(r) = 88, exp(iwt) and H*(t) =
H¢ exp(iwt). The frequency-dependent magnetic susceptibil-
ity tensor X (w) is obtained by summing up all the magnetic
moments in the unit cell, M = yh vazl S; in Eq. (7), and
making a transformation into form

i=1

M
vh {Z ssf(t)} = 2 (@)uoH" (1). ®)

The absorption coefficient is o; ; = 2wcy 'Im N ;, where
the complex index of refraction is N, j = ,/€;ft;; assuming
small polarization rotation and negligible linear magnetoelec-
tric susceptibilities x;7", x7;*. The magnetic permeability is
mjj(@) =1+ x;j(w) and the background dielectric permit-
tivity is €;;. The polarization of incident radiation is defined as
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TABLE I. The parameters of the mean-field model used to de-
scribe the static magnetic properties and single- and two-magnon
excitations in LiNiPOy: exchange couplings J;; and Ji, single-ion
anisotropy constants A;, Dzyaloshinskii-Moriya coupling D,, and g
factor g. Units are in meV except the dimensionless g.

J, J. Jo Jo Jo A, A, Dy g Ref.
0.65 0.16 —0.17 0.16 124 0.14 0.74 041 22 *
0.67 —0.06 —0.11 0.32 1 041 142 032 22 [36]
0.67 —0.05 —0.11 03 1.04 034 1.82 [37]
0.59 —-0.11 —-0.16 0.26 094 034 1.92 [38]
*This work.
(E?, Hj‘.”} where i and j are x, y, or z. If x;;(0) < 1,
Xjj(@)
Nij~ Jei| 1+ | )

Thus, for real €;; the absorption is

Cl,'Yj((Z)) = 27{&)1/6,*,' Im ij(&)), (10)

where units of wave number are used, [®,] = cm™!.

The values of magnetic interactions and anisotropies ob-
tained in this work, see Table I, reproduce the magnetic
field dependence of the magnetization, canting angle 6, and
frequencies of four single-spin excitations and a two-magnon
excitation in the I and a single-spin excitation in the IV
commensurate magnetic phase of LiNiPOj.

IV. EXPERIMENTAL RESULTS

The LiNiPO,4 samples were characterized by measuring the
magnetization along the x, y, and z directions, shown in Fig. 2.
The magnetization increases continuously for H||x and H| y,
while for H || z there is step at 12, 19, and 21.5 T. These steps
correspond to magnetic-field-induced changes in the ground-
state spin structure. Phases I and IV are commensurate, while
II, III, and V are incommensurate [36,44]. The boundary
between phases II and III at 16 T, where the periodicity of the
incommensurate spin structure changes [36], is hardly visible
in the magnetization data [42,44]. The size of the magnetic
unit cells is the same in phases I and IV [44], i.e., four spins
as shown in Fig. 1.

The zero-field THz absorption spectra measured at 3.5 K
are shown in Fig. 3. Three absorption lines are identified
as magnetic-dipole active magnons: v, = 16.1 cm™!, v, =
36.2 cm™', and v; =484 cm~!. The excitation vs =
56.4 cm™! is an EJ-active electromagnon. The excitations
vy = 54.8 cm™! and vg = 66.4 cm~! are ME spin excitations;
vy is {Ey, H?} active, while vg is present in five different
combinations of oscillating electric and magnetic fields with
the strongest intensity in £ polarization; see Table II. There
is an E-active broad absorption band v.

All seven modes vy, ..., v; are absent above Ty. Since
no sign of structural changes has been found in the neutron
diffraction [39] and in the spectra of Raman-active phonons
at Ty [51], the lattice vibrations can be excluded and all new
modes are assigned to spin excitations of LiNiPOy.

Energy (meV)

a(35K) - a(30 K) (cm—1)

Wave number (cm™!)

FIG. 3. THz absorption spectra of spin excitations in LiNiPO, in
H =0atT = 3.5 K. Directions of THz radiation propagation are k ||
x (blue), k ||y (green), and k || z (red). Two orthogonal THz radiation
polarizations for a given k vector direction are indicated by solid and
dashed lines. Directions of the oscillating THz fields {E{, H j“’} are
indicated in the inset. v, labels the modes, n =1, ..., 7, with H? or
E{ indicating the magnetic- or electric-dipole activity of the mode,
respectively. v4 and v are ME excitations (for the characterization of
Vg see Table II).

The magnetic field dependence of resonance frequencies
and absorption line areas is presented in Fig. 4 as obtained
from the fits of the absorption peaks with the Gaussian line
shapes. When the magnetic field is applied in H||x or H|y
directions, Fig. 4(a) or 4(b), we found a continuous evolution
of modes up to the highest field of 33 T. On the contrary,
for H||z we observed discontinuities in the spin excitation
frequencies, approximately at 12, 19, and 21.5 T. These fields
correspond to the field values where the steps are seen in the
magnetization in Fig. 2. The boundary between II and III at
16 T is not visible in the THz spectra. Apparently the spin
excitation spectra are rather insensitive to the change of the
magnetic unit-cell size within the incommensurate phase.

The mean-field model (Sec. III) predicts four magnon
modes for a four sublattice system and they are assigned to

TABLE II. The excitation configurations of ME mode vs. The
area of the symbol is approximately proportional to the absorption
line area. The color coding is the same as in Fig. 3.

w w w
ve | B2 | BY | B4
H; (D] /\H)

w )
Hy
HY| o] o
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FIG. 4. Magnetic field dependence of the magnon resonance frequencies and absorption line areas at 7 = 3.5 K. Panels (a)—(c) correspond
to measurements in the Faraday (k || H), while panels (d)—(f) correspond to experiments in the Voigt (k L H) configuration. The direction
of magnetic field is (a), (d) H||x, (b), (¢) H||y, and (c), (f) H||z. Symbols are the fit results of experimentally measured resonances and
correspond to six combinations of {E;”, H’} as indicated on top of the figure. The symbol area is proportional to the experimental absorption
line area. The solid lines are the results of the model calculations based on Egs. (1)-(7). The width of the line is proportional to the square root
of the line area calculated in the magnetic dipole approximation. The color of the symbol and the line is determined by the magnetic component
of light: H?”, blue; Hy”’, red; and H?, black. The line positions of modes with vanishing theoretical intensity in all measured configurations of
panels (a)—(c) are shown by black dashed lines. The green solid line is the two-magnon excitation ve. The phase boundaries determined from
the magnetic field dependence of the THz spectra are shown by vertical solid lines in (c) and (f); the phase boundary between II and III, vertical
dashed line, is from Refs. [42,44].

Vi, V2, v3, and vs. The magnetic field dependence and the the model and not the intensity as this excitation is found to
selection rules of the magnetic-dipole active magnons vy, v;, be an electromagnon in the experiment.

and v; are reproduced well by the mean-field model, Fig. 4. The resonances vy, vg, and the band v; cannot be described
However, only the energy of the magnon vs is reproduced by within the four-sublattice mean-field model. The weak vy4
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mode is a ME spin excitation, {E”, H} active, which might
be related to a spin-stretching excitation allowed for S > 1/2
[52]. The vg mode is a ME two-magnon excitation and v; is an
E?-active two-magnon excitation band, as will be discussed
below. The excitations &g, &9, &9, and 6;,, 0,3 are only present
in the incommensurate phases II, III, and in phase V with
more than four spins per magnetic unit cell and thus cannot
be explained by the present four-sublattice model. The field
dependence and the selection rules of 7,;, the only mode
found experimentally in the four-sublattice commensurate
phase IV, are described by the model, Figs. 4(c) and 4(f).

There are two resonances in the vicinity of the v; mode
as indicated by blue symbols in Figs. 4(b) and 4(e). These
two modes have a well-defined selection rule, H. Because
they are at low frequency but not described by the mean-field
model we assign them to impurity modes.

The exchange parameters obtained by fitting the mean-field
model to THz spectra are presented in Table I. Our model also
reproduces the magnetization for commensurate phases I and
IV, Fig. 2. The canting angle of spins given by the parameters
of the current work, Table I and Eq. (2), is +6 = 8.1° in zero
field, in good agreement with the value determined by elastic
neutron scattering, (7.8 & 2.6)°, as reported in Refs. [36,39].

V. DISCUSSION

A. One-magnon excitations

The four sublattice mean-field model describes four
magnons vy, vy, v3, and vs, among which v; and v, can
be identified as I'-point magnon modes observed in the INS
spectra [37], whereas the vs resonance has also been detected
by the Raman spectroscopy [51].

The zero-field frequencies of v; and v, are related to the
single-ion anisotropies A, and A, respectively. Furthermore,
the selection rules for the v; and v, suggest that they are
anisotropy-gapped magnons, since in both cases the magnetic
dipole moment oscillates perpendicular to the corresponding
anisotropy axis, along y for the v; mode and along x for v,
in zero field. Moreover, the mean-field model reproduces the
rotation of the magnetic dipole moment of v; (v,) towards the
z axis in increasing magnetic field H ||y (H || x). The reappear-
ance of v; in phase IV, marked as 7y, is also predicted by the
model.

The frequencies of v3 and vs depend strongly on the weak
Jyy and J,; exchange interactions connecting the two AF
systems, {S;, S4} and {S,, S3}. While the FM J,; only shifts
the average frequency of vs and vs, the AF J,, affects the
difference frequency. The zero-field selection rules of these
excitations—magnetic dipole moment along z for v; and the
absence of magnetic-dipole activity of vs—are reproduced by
the model.

Our model does not describe the incommensurate phases
II, III, and V. However, it reproduces the frequency of the
lowest 11, mode in the commensurate phase IV, Fig. 4(c).

B. Two-magnon excitations

Two-magnon excitations appear in the absorption spectra
when one absorbed photon creates two magnons with the total
k vector equal to zero [53]. The two-magnon absorption is the

Energy (meV)
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(arb. units)
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FIG. 5. (a) Two-magnon excitation band v; in LiNiPOy, as ob-
served in the experiment (blue spectra). (b) Calculated two-magnon
density of states. The two-magnon absorption is absent in the para-
magnetic state, red line in panel (a), measured in 0 T at 30 K.
All spectra are first shifted to zero absorption at 20 cm~! and then
a constant shift proportional to the field is added. The spectra in

magnetic field were measured up to 100 cm~!.

strongest where the density of magnon states is the highest,
usually at the Brillouin-zone boundary. Since the product of
the two spin operators has the same time-reversal parity as
the electric dipole moment, the two-magnon excitation by the
electric field is allowed; this mechanism usually dominates
over the magnetic-field-induced two-magnon excitation [53].

The broad absorption band between 60 and 115 cm™!,
shown in Fig. 5(a), appears below Ty and is EY active. A
similar excitation band observed by Raman scattering was
attributed to spin excitations [51]. In another olivine-type
crystal LiMnPOy, a broad band in the Raman spectrum was
assigned to a two-magnon excitation with the line shape
reproduced using the magnon density of states (DOS) [54].

We calculated the magnon DOS numerically on a finite-
size sample of 4 x 4 x 4 unit cells with 256 spins using the
model represented by Eq. (1) but extended by the J, and
J, couplings shown in Fig. 1. The two-magnon DOS was
obtained by doubling the energy scale of the single-magnon
DOS and is shown in Fig. 5(b). Since the observed broad
absorption band emerges in the energy range of the high
magnon DOS we assign this absorption band to a two-magnon
excitation.
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There is another dominantly electric-dipole active spin
resonance Vg at 66.5 cm ™! not reproduced by our mean-field
model. Since the frequency of the electric-dipole active vg
mode is at the maximum of the two-magnon DOS and in
a magnetic field, H || z, splits into a lower and an upper
resonances with effective g factors g_ = 4.24 +0.07 and
g+ = 4.00 £ 0.04, ie., two times larger than that expected
for one spin-flip excitation, we interpret the vg resonance as
a two-magnon excitation. The singular behavior in the DOS
coinciding with the vg resonance peak corresponds to the flat
magnon dispersion along the R-T line in the Brillouin zone.
This mode is weakly magnetic-dipole active as well and is
therefore a ME resonance.

The magnetic field dependence of the two-magnon excita-
tion vs was modeled by calculating the field dependence of
the magnon DOS. The result is shown in Fig. 4. The splitting
of the resonance in magnetic field is observed only for H| z
and is reproduced by the model calculation. In the calculation
Jy was set to 0.65 meV to reproduce the instability of phase I
at 12 T, while J, = 0.16 meV was used to reproduce the zero-
field frequency of vs. The magnitude of J, and J; is similar
to the ones in INS studies [36-38] but J, has the opposite
sign. In high-symmetry cases the electric-dipole selection
rules of two-magnon excitations can be reproduced by group-
theoretical analysis [55], but the low magnetic symmetry of
LiNiPOy hinders such an analysis. Nevertheless, it is expected
that the AS =0 two-magnon continuum v; has different
selection rules than the AS = 2 two-magnon excitation vg due
to their different symmetry.

VI. CONCLUSIONS

We measured the magnetic field dependence of THz ab-
sorption spectra in various magnetically ordered phases of
LiNiPO4. We have revealed a variety of spin resonance
modes: three magnons, an electromagnon, an electric-dipole
active two-magnon excitation band, and a magnetoelectric
two-magnon excitation. The abrupt changes in the magnon

absorption spectra coincide with the magnetic phase bound-
aries in LiNiPO4. The magnetic dipole selection rules for
magnon absorption and the magnetic field dependence of
magnon frequencies in the commensurate magnetic phases
are described with a mean-field spin model. With this model
the additional information obtained from the magnetic field
dependence of mode frequencies allowed us to refine the
values of exchange couplings, single-ion anisotropies, and
Dzyaloshinskii-Moriya interaction. The significant differ-
ences found in magnetic interaction parameters compared to
former studies are the opposite sign of J, exchange coupling,
the smaller values of the J,, exchange coupling and the A,
and A, anisotropies. The mean-field model did not explain
the observed magnetoelectric excitation v4 and the spin excita-
tions in the incommensurate phases. In the future, more about
the magnetoelectric nature of LiNiPOy spin excitations can be
learned from nonreciprocal directional dichroism studies as in
LiCoPOy [24].
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Nonreciprocal directional dichroism, also called the optical-diode effect, is an appealing functional
property inherent to the large class of noncentrosymmetric magnets. However, the in situ electric control
of this phenomenon is challenging as it requires a set of conditions to be fulfilled: Special symmetries of
the magnetic ground state, spin excitations with comparable magnetic- and electric-dipole activity, and
switchable electric polarization. We demonstrate the isothermal electric switch between domains of
Ba,CoGe, O, possessing opposite magnetoelectric susceptibilities. Combining THz spectroscopy and
multiboson spin-wave analysis, we show that unbalancing the population of antiferromagnetic domains
generates the nonreciprocal light absorption of spin excitations.

DOI: 10.1103/PhysRevLett.127.157201

The interaction between light and matter may produce
fascinating phenomena. Among them is the nonreciprocal
directional dichroism (NDD), when the absorption differs
for the propagation of light along and opposite to a specific
direction. In contrast to the magnetic circular dichroism, the
absorption difference for NDD is finite even for unpolar-
ized light. The chirality of the light lies at the heart of
the phenomenon: the electric (E”) and magnetic (H”) field
components of the light and its propagation vector k «
E®” x H” form a right-handed system. Applying orthogo-
nal static electric (E) and magnetic (H) fields to a material
breaks the inversion and time-reversal symmetries, leading
to the observation of NDD [1]. Such a symmetry breaking
is inherent to magnetoelectric (ME) multiferroics, materials
with coexisting electric and magnetic orders. In multi-
ferroics, the ME coupling establishes a connection between
responses to electric and magnetic fields: an external
electric field generates magnetization M, and a magnetic
field induces electric polarization P in the sample. The
NDD is manifested by the refractive index difference
AN =N, — N_ for counterpropagating (£Kk) linearly
polarized beams [2—4]. In the long-wavelength limit,
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where &,, and py are the components of the permittivity
and the permeability tensors for oscillating fields polarized
along E7 and Hy, and ygg is the ME susceptibility
characterizing the induced polarization 6P o yoiHy.
The yg; becomes resonantly enhanced for spin excitations
of multiferroics endowed with a mixed magnetic and
electric dipole character giving rise to strong NDD [2-9].

Since AN o yg, the absorbing and transparent direc-
tions are determined by the sign of ME susceptibility, and
therefore, they can be interchanged by the sign reversal of
the y¢s. The magnetic field can naturally switch between
time-reversed magnetic states with opposite signs of ME
responses, and allows the control of NDD [2—4]. Can we
achieve a similar switch with an electric field, which is a
time-reversal even quantity? Apart from being a funda-
mental question, the voltage control of NDD may promote
the application of multiferroics in GHz-THz frequency
data transmission and signal processing devices with
reduced size and energy consumption. In addition to the

© 2021 American Physical Society
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NDD, the electric-field-induced switching between time-
reversed magnetic states would also provide an efficient
way to control other optical ME effects, such as chirality of
magnons [3,10,11] or axion-term-induced gyrotropy [12].
The ME coupling may help us to achieve the desired
control of magnetic states [5,7,13—16], however, realizing
this effect is not at all trivial. It requires a magnetic order
permitting NDD and a polarization that is switchable by
laboratory electric fields. In the visible spectral range, the
realization of this effect has been confirmed for charge
excitations [14,15]. However, studies in the THz range of
spin-wave excitations are scarce. So far, mostly ME poling
was used to select between time-reversed domains by
cooling the sample through the ordering temperature in
external magnetic and electric fields [5,7,16]. The electric
field induced changes in the absorption coefficient were
detected only recently [17].

In this Letter, we demonstrate the isothermal electric
field control of the THz frequency NDD in Ba,CoGe, 0O,
which provides an ideal model system due to its simple
antiferromagnetic (AFM) order. The electric field switches
between the transparent and absorbing directions, where
the absorption difference between the two is experimentally
found as high as 30%. We attribute the observed change of
the NDD to the electric-field-induced imbalance in the
population of the AFM domains.

The discovery of the ME properties of Ba,CoGe,O,
[18], followed by a detection of the gigantic ME effect
in CayCoSi,O; [19] aroused interest in this family of
quasi-two-dimensional compounds. They crystallize in the
noncentrosymmetric P42,m structure, where the unit cell
includes two spin-3/2 magnetic Co?t ions, as shown in
Fig. 1(a). Below Ty =6.7 K, the spins order in a

(a) dom 1. dom II.

(b) doml. M
& =
& =
L
Sﬁ/ dom IV. dom Ill.

b||[010] A ‘2'1 A AL
& % ;

MLL» Ny MJ ﬁm

c||[[001] ™ al|[100]

FIG. 1. (a) The canted antiferromagnetic order of Ba,CoGe, 0,
in domain I in zero fields. Cyan circles denote the Co?* ions with
S =3/2 (dark red arrows) in the center of the O>~ tetrahedra
(grey). The symmetry operations are the 2, screw axis, (black
half-arrow) and the orthogonal 2} screw axis followed by the time
reversal (red half-arrow). M and L correspond to the uniform and
staggered sublattice magnetizations, respectively. (b) The four
antiferromagnetic domains. A magnetic field applied along the
[001] axis induces a polarization 6P (light blue arrows) via linear
magnetoelectric effect.

two-sublattice easy-plane AFM structure [20]. A small
in-plane anisotropy pins the AFM ordering vector L. =
M, — Mj; to one of the symmetry-equivalent (100) direc-
tions of the tetragonal plane, as shown in Fig. 1 [21-23].
Applying an external magnetic field H||[110] rotates the L
vector to [110], and gives rise to a sizeable ferroelectric
polarization P along the tetragonal [001] axis [24]. The
same ME interaction leads to NDD for the THz spin
excitations of Ba,CoGe,O; [25,26], which has been
observed for in-plane magnetic fields: (i) for light propa-
gation k along the cross product of the magnetic
field H||[110] and the magnetic-field-induced polarization
P||[001] [2,4], and (ii) for k||H||[100] when a chiral state is
realized [3].

Both the static and the dynamic ME response of
Ba,CoGe,0; are consistently explained by the spin-
dependent p—d hybridization [24-28]. In this mechanism,
the spin-quadrupole operators of the S = 3/2 cobalt spin
directly couple to the induced polarization P;,

P4 o —cos 2k;( 8786 + S58Y) + sin 2k;(S4S¢ + 5559
P? o —cos 2k;(5485 + S584) — sin 2k;(S5S¢ 4 5487

)s
(5] )
P o —cos 2k;(S957 + §854) + sin 2i;[(59)* = (7)7],

5

(2)

where j is the site index, and a, b, ¢ are parallel to [100],
[010], and [001], respectively. x; = k in A sublattice and
k; = —k in B sublattice account for the different orientation
of the tetrahedra [see Fig. 1(a)]. The same mechanism is the
source of the multiferroic properties of Sr,CoSi, O [29], the
observation of spin-quadrupolar excitations in Sr,CoGe, 0,
in the field aligned phase [30], and the microwave non-
reciprocity of magnons in Ba,MnGe,0O5 [31].

The clue how to control the NDD using electric fields
comes from the experiment of Murakawa et al. [24]. They
showed that a magnetic field applied nearly parallel to the
tetragonal axis induces an in-plane electric polarization
along one of the (100) directions. The hysteresis of the
polarization observed upon tilting the field away from
the [001] axis suggests a rearrangement of the magnetic
domain population. The AFM order reduces the space
group symmetry from P42,m1’ to P2}2,2’, corresponding
to the breaking of the rotoreflection symmetry 4, and the
formation of four magnetic domains, shown in Fig. 1(b)
[32]. The P2)2,2' symmetry gives rise to a finite y*", and
in a magnetic field H||[001], a polarization 6P parallel to
the L develops, as shown in Fig. 1(b). If the field is
perfectly aligned H||[001], the four domains remain equiv-
alent and the field-induced polarizations 6P cancel out.
However, a small perturbation such as tilting of the
magnetic field or applying an in-plane electric field can
break the delicate balance between the domains. In our
experiments, we exploit this highly susceptible state to
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change the relative population of the domains by electric
field, E||[100], and attain control over the NDD, present
for k||E x H.

Ba,CoGe,0; single crystals were grown by the floating
zone technique as described in [24]. Silver paste electrodes
were painted on the parallel sides of a 2 x 3 x 0.7 mm?
rectangular (010) cut. The THz spectra were measured in
Tallinn with a Martin-Puplett interferometer and a 0.3 K
silicon bolometer. We applied the external magnetic and
electric fields in the H||[001] and E||[100] directions, while
the THz radiation propagated along the k||[010] axis.
The crystallographic axes of the sample were oriented
by x-ray Laue diffraction and aligned in the THz experi-
ment to, at least, 1° precision. The THz absorption spectra
were deduced as described in Ref. [33].

Our main experimental results are summarized in Fig. 2.
Panel 2(a) displays the average and 2(b) the difference of
the THz absorption spectra measured in electric fields with
opposite signs (E = £3 kV/cm) and constant magnetic
fields. In agreement with former results [26], we assign the
absorption peak around 18 cm~! (mode No. 1) to the
optical magnon excitation of the easy-plane AFM ground
state, whereas resonances No. 2, No. 3, and No. 4, showing
a V shape splitting in magnetic fields, are attributed to the
spin stretching modes involving the modulation of the spin
length. In a finite magnetic field, the absorption spectra
become different for the opposite signs of the electric field
as evidenced by Fig. 2(b) for the light polarization
E*||[001] and H”||[100]. The electric field odd component
of the signal is the manifestation of the NDD, and it shows
that the absorption is different for light propagation along
or opposite to the cross product of the static electric and
magnetic fields E x H. This relation is further supported
by the fact that the differential absorption spectra change
sign under the reversal of the external magnetic field. The
NDD is finite only for the spin stretching modes No. 2 and
No. 3 and it increases with magnetic fields up to ~12 T. We
note that, for the orthogonal light polarization, E”{|[100]

and H?||[001], we did not find electric-field-induced
absorption difference within the accuracy of the
experiment.

The electric-field-induced change in the absorption
spectra around mode No. 3, measured with respect to
the zero-field-cooled state, is displayed in Fig. 3(a). The
peak absorption, shown in Fig. 3(b), depends on the electric
field history of the sample: the initial and the following
upward and downward sweeps are all different, and the
absorption difference has a small but finite remanence [34].
Furthermore, the electric field can change the absorption
only below Ty as displayed in Fig. 3(c), though the
intensity of the spin stretching mode remains finite even
above Ty [2]. All of these findings suggest that the
observed electric field effect arises only in the magnetically
ordered phase, and it is related to switching between
domain states possessing different NDD.

No.1 No.2 No.3 No.4
72 TR T T " T
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FIG. 2. (a) Magnetic field dependence of the THz absorption
spectra averaged for the measurements performed in electric
fields with opposite signs, E = £3 kV/cm at T = 3.5 K. The
light polarization is E®||[001] and H®[[[100]. The spectra
measured in positive (red) or negative (blue) magnetic fields
H||[001] are shifted in proportion with the absolute value of the
field. Grey lines indicate the magnetic field dependence of the
resonance energies (peak Nos. 1-4). (b) shows the electric field-
induced change in the absorption spectra as the difference of the
absorption spectra recorded in E = £3 kV /cm. (c) The magnetic
susceptibility calculated from the spin-wave theory in domains I
and III (purple) and in domains II and IV (green). (d) The ME
susceptibility in domain I (red) and domain III (blue).

Considering the symmetries of the zero-field ground
state shown in Fig. 1(a), the (unitary) 2, screw axis restricts
NDD for light propagation k|j¢ x L in a given domain.
When a magnetic field is applied along H||[001], only the
2/ symmetry remains. The S, S¢, P* operators are even,
while §¢, P?, P¢ are odd under 2/ in domain I, depicted in
Fig. 1(a). Since time reversal makes this symmetry anti-
unitary, the operators are either even or odd under con-
jugation, restricting the transition matrix elements to be
either real or imaginary [34,35]. As a consequence, the real
part of a ME susceptibility combined from an even and odd
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operator vanishes, annulling the time-reversal odd part of
xp and ¢y, thus, forbidding NDD in domain I when
K||[100]. The 2} does not affect NDD in the other
propagation directions, and indeed, this is what we
observed for k||[010]. In finite fields, we also expect
NDD for the k||[001]—but then, the analysis of results
would be more complicated as the Faraday effect mixes the
polarization states of the light.

In order to interpret the experimental results quantita-
tively, we considered the microscopic Hamiltonian of
interacting S = 3/2 Co** spins following Refs. [25,26]

H= Z[](S“S" +828%) + U8 8) + Y A2
- Z[QCLH(‘S; + EaPﬂ’ (3)

where summation (i, j) runs over the nearest neighbors.
Beside the anisotropic exchange coupling (J and J€),
single-ion anisotropy A, and the Zeeman term, we intro-
duce the coupling between the external electric field, E,,
and the spin-induced polarization [see Eq. (2)], which
breaks the O(2) symmetry of the model.

We calculated the excitations above a variational site-
factorized ground state using a multiboson spin-wave
theory, following Ref. [26]. The approximate O(2) sym-
metry of the Hamiltonian (even for finite H ) is reflected in
the ground state manifold, the application of a tiny £, > 0
combined with H, > 0 selects domain I in Fig. 1(b), while
E, < 0 selects domain IIT as the variational ground state.
We note that, even in the highest fields, the ME energy [24]
is at least an order of magnitude smaller than the in-plane
anisotropy [22], thus, the rotation of the AFM vector L
away from the principal axes is negligible (e.g., [23]). The
magnetic dipole strengths of the excitations are estimated
by the transition matrix elements of the spin operators
|(08%|n)|? between the ground state |0) and the excited
states |n). The contribution of the magnetic dipole proc-
esses to the absorption is shown in Fig. 2(c). The electric
dipole matrix elements are evaluated similarly for polari-
zation components P?. The ME susceptibility, <" «
(0|P.|n)(n|S,|0) is plotted in Fig. 2(d).

For light polarization E*|[[001] and H*||[100], our model
predicts that two spin stretching modes have finite ME
susceptibility y¢' and, correspondingly, show NDD with
the same sign. The overall sign of the ME response is
reversed upon the reversal of either the static electric or the
magnetic field related to the switching from domain I to III.
All of these findings are in agreement with the experiments
and imply that the electric field control of the NDD is
realized by influencing the AFM domains. We note that,
among modes No. 3 and No. 4, which show a tiny splitting in
high fields, resonance No. 3 is NDD active in the experiment,
whereas our theory predicts NDD for the higher energy
mode. However, we found no obvious way to reproduce the

fine structure of the resonance energies within our model or
by including other realistic terms [21,24,25].

Although theory predicts that individual domains pos-
sess a finite dichroism as H. — 0 [see Fig. 3(b)], we
observed vanishing NDD in this limit. This suggests that
domain walls relax toward their initial positions, and the
domain population evens out as fields go to zero. The
multidomain state may be favored by: (i) electric dipole-
dipole interaction between the ferroelectric domains;
(ii) elastic energy, since the AFM domains break the
tetragonal symmetry, they can couple to orthorhombic
distortion [36]. The finite intensity of mode No. 1 also
indicates that domains II and IV coexist with domains I
and III. In domains I and III, excitation No. 1 is silent for
this light polarization according to the calculation,
since it can only be excited by the H“||[010], which is
perpendicular to L ||[100]. The polarization matrix element
is also negligible for this resonance. Therefore, domains II
and IV with finite magnetic dipole strength for H”||[100]
[see Fig. 2(c)] should also be present in the studied sample.
Thus, one expects even stronger NDD than observed
experimentally here, if the monodomain state of either
domain I or domain III can be realized. Finally, we note that
the small difference in the averaged absorption [Fig. 2(a)]
observed for the reversal of the magnetic field is probably
caused by a small misalignment. When the magnetic field is
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FIG. 3. (a) The electric field induced change in the absorption

spectra measured with respect to the zero field cooled state at
3.5 K and in fixed magnetic field 12 T. (b) The hysteresis of the
electric field dependence of the peak absorption. The horizontal
arrows connect corresponding points of panels (a) and (b).
(c) Temperature dependence of the electric field induced change
in the absorption spectra measured in 12 T.
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slightly tilted toward the light propagation k||[010], the
balance between domains I and III can be broken.

The absence of the NDD for the orthogonal light
polarization, E”||[100] and H®”|[[001], can be explained
by the smallness of the yg.. Because of the nearly
preserved O(2) symmetry of the system, the magnetic
matrix element in y¢” involves the 8¢, which commutes
with the terms of the Hamiltonian in Eq. (3) except for
the E - P. Therefore, the dipole oscillator strength for S°—
given by the double commutator [37]—is tiny compared to
other matrix elements.

In summary, we demonstrated the isothermal voltage
control of the nonreciprocal THz absorption in
Ba,CoGe,0;. In contrast to former studies applying ME
poling, here, the ME polarization is induced by a magnetic
field preserving the nearly O(2) symmetric ground states.
The degeneracy within this manifold allows efficient
voltage control of the magnetic domain population and,
so, of the NDD. A similar mechanism may give rise to
NDD in ME spin-spiral compounds, e.g., Cu,0SeOz or
CoCr, 0,4 with multidomain states. Our results can promote
the applications of multiferroics in voltage-controlled high-
frequency devices and stimulate search for compounds with
stronger remanence and higher ordering temperatures.
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We investigated the spin excitations of magnetoelectric LiFePO, by THz absorption spectroscopy in magnetic
fields up to 33 T. By studying their selection rules, we found not only magnetic-dipole, but also electric-dipole
active (electromagnons) and magnetoelectric resonances. The magnetic field dependence of four strong low-
energy modes is reproduced well by a four-spin mean-field model for fields applied along the three orthorhombic
axes. From the fit of magnetization and magnon frequencies, we refined the exchange couplings, single-ion
anisotropies, and the Dzyaloshinskii-Moriya interaction parameters. Additional spin excitations not described
by the mean-field model are observed at higher frequencies. Some of them show a strong shift with the magnetic
field, upto4 cm~! T~!, when the field is applied along the easy axis. Based on this field dependence, we attribute
these high frequency resonances to the excitation of higher spin multipoles and of two magnons, which become
THz-active due to the low symmetry of the magnetically ordered state.

DOI: 10.1103/PhysRevB.106.134413

I. INTRODUCTION

Recent optical studies of multiferroic materials have re-
vealed nonreciprocal directional dicroism, which is the light
absorption difference for unpolarized counter-propagating
beams [1-25]. This unusual phenomenon is the finite-
frequency manifestation of the magnetoelectric (ME) effect,
which emerges at simultaneously electric- and magnetic-
dipole allowed excitations, that we term as ME resonance. !
For example, materials with ME resonances can be used as

'Usually, magnons couple to the magnetic component of elec-
tromagnetic radiation, i.e., they are magnetic-dipole active. If the
magnons are electric-dipole active, the term “electromagnon” is of-
ten used [26]. Magnetoelectric resonance is a spin wave excited by
both components of electromagnetic radiation [3,27]. For the rest
of the paper, we classify the spin waves, based on their coupling to
the electromagnetic radiation, using magnetic-dipole active, electric-
dipole active and magnetoelectric spin wave. We use “magnon” for
the spin-wave excitation described by the mean-field model without
making a difference in its coupling to the electromagnetic radiation.

2469-9950/2022/106(13)/134413(12)

134413-1

optical diodes where the direction of transparency for the
terahertz (THz) radiation can be switched by magnetic fields
[3-5,7-9,17], electric fields [20,24,28], or both [13]. From the
fundamental science point of view, the THz spectroscopy of
the ME excitations promotes the understanding of the static
ME response which is linked to the nonreciprocal directional
dichroism spectrum via the Kramers-Kronig relations [16,29].
Moreover, a THz absorption study, combined with magne-
tization, inelastic neutron scattering measurements [30-32],
and theoretical modeling [33—-36] can resolve realistic spin
Hamiltonians of ME compounds.

The relativistic spin-orbit coupling plays an essential role
for ME spin excitations. It establishes a coupling between
spins and electric dipoles and also introduces single-ion
anisotropy for S > 1/2. The single-ion anisotropy expands
the frequency scale of spin excitations as it separates the
+my doublets from each other in zero field, where m; is
the spin quantum number. In addition to conventional spin
waves, spin-quadrupolar excitations corresponding to Am; =
42 may appear in systems with strong single-ion anisotropy
and spin S > 1/2 [37-41], broadening the frequency range
for possible applications of ME materials. In general, if there

©2022 American Physical Society
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FIG. 1. The ground-state spin configuration of LiFePO, in zero
magnetic field. There are four Fe?t spins, S = 2, in the magnetic
unit cell drawn as a box. The numbering of spins and exchange in-
teractions J,, and J,, are depicted according to the spin Hamiltonian,
Eq. (4).

are N spins in the magnetic unit cell we expect 2NS spin
excitations, which can be described by the multiboson spin-
wave theory [13,37,38,42] or by single-ion spin Hamiltonian
with added molecular field to take into account spin-spin
interactions [32,43,44].

The LiMPO4 (M = Mn, Co, Fe, Ni) orthophosphate com-
pounds become ME as their magnetic order breaks the
inversion symmetry [45]. This, together with their large
single-ion anisotropy [31,32,46], makes them appealing can-
didates to explore unconventional spin excitations. Among
these compounds, LiFePO, has the highest Néel tempera-
ture, 7y = 50 K below which an antiferromagnetic (AFM)
order develops, as depicted in Fig. 1. The spins of the four
magnetic ions of the unit cell are nearly parallel to the y
axis [47]. Detailed neutron diffraction experiments showed
that the spins are slightly rotated in the xy plane and canted
toward the z axis [31]. LiFePO,4 has one of the largest spins
in the orthophosphate family but the number of spin-wave
modes detected in the magnetically ordered phase has been
substantially less than 2NS = 16, allowed for a S = 2 spin
system. In zero-field inelastic neutron scattering (INS) stud-
ies, two spin-wave branches [30-32] and a dispersionless
mode were observed below 10 meV [32]. Whereas, a re-
cent high-frequency electron spin resonance study detected
two modes in the vicinity of the spin-flop field, 32 T [46].
Therefore further experimental data are needed to under-
stand better the spin dynamics and spin Hamiltonian of
LiFePO4.

In this work, we studied the magnetic field dependence
of the spin excitations using THz absorption spectroscopy in
the low temperature AFM phase of LiFePO,. The spectral
range of our experiments extending up to 175 cm™! (22 meV)

covers two and five times larger energy window compared
to former INS [30-32] and electron spin resonance studies
[46,48], respectively. The broader spectral range allowed us
to observe 17 spin excitations and to determine their selection
rules. The absorption spectra were measured with magnetic
field applied along all three principal crystallographic axes
up to 33 T in the Faraday configuration (light propagates
along the field, k||H) and up to 17 T in Voigt geometry
(light propagates perpendicular to the field, k L H). Beside
THz spectroscopy, we measured high-field magnetization up
to 120 T along the easy axis from which we determined the
spin-flop and the saturation fields. Finally, we successfully
employed a mean-field model to describe the field dependence
of the magnetization and the resonance frequencies of the
four strongest low-frequency spin-wave modes in the AFM
state.

II. EXPERIMENTAL

The LiFePO, single crystals were grown by the floating
zone method [49]. The quality of the crystals was verified
by powder diffraction and Laue XRD, which confirmed the
orthorhombic structure with the same lattice constants as re-
ported in Ref. [50].

The low-field magnetization measurements were done us-
ing a 14-T PPMS with VSM option (Quantum Design).
High-field magnetization measurements were carried out up
to 120 T using ultrahigh semidestructive pulses at the Labora-
toire National des Champs Magnétiques Intenses in Toulouse
[51,52]. The maximum field of a semidestructive pulse was
reached in ~2.5 us.

For THz spectroscopy studies the single crystal was cut
into three 1 mm thick slabs each with a large face normal
to one of the three principal crystallographic directions. The
slabs were wedged by two degrees to suppress the fringes in
the spectra produced by the internal reflections in the crystal.

The THz measurements up to 17 T were performed with
a polarizing Martin-Puplett interferometer and a 0.3 K silicon
bolometer in Tallinn. High-field spectra from 17 up to 33 T
were measured using a Bruker IFS 113v spectrometer and
a 1.6 K silicon bolometer in High Field Magnet Laboratory
in Nijmegen. The experiments above 17 T were done in
Faraday configuration, while below 17 T both Faraday and
Voigt configuration experiments were performed. All spectra
were measured with an apodized spectral resolution of 0.3 or
0.5 cm~! which is less than the full width at half maximum
(FWHM) of recorded spectral lines. The FWHM of one of
the narrowest lines, F3, is 0.7 cm™!. The polarizer angle with
respect to the crystal axes was determined by evaluating the
intensity change of the strongest modes in the THz absorption
spectra as the function of rotation angle of the polarizer. This
information was also used to mount the polarizer in the high
field experiments in Nijmegen where the in situ polarizer ro-
tation was not possible. Absorption was determined by using
a reference spectrum of an open hole, sample spectrum in the
paramagnetic phase or by statistically calculating the baseline
from the magnetic field dependence of sample spectra. In the
first method, the absorption was calculated as

o =—d "'Ind/I,), o)
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where I, is the intensity through the reference hole with the
area equal to the sample hole area and d is the sample thick-
ness. In the second method, the absorption difference was
calculated,

Aa(H,T) = a(H,T) —a(0 T, 55 K)
=—d 'In[I(H,T)/IOT,55K)], (2)

where 7(0 T, 55 K) is the intensity through the sample mea-
sured at 0 T and 55 K in the paramagnetic phase. In the
third method, the statistically calculated baseline, (0 T), was
found as a minimum of differential absorption,

Aoy (H;) = a(H;) —a(0T)
= —d ' In[I(H)/1(0 T), ?3)

at each frequency over several magnetic field values H;. By
adding «(0 T) to the differential absorption we get the depen-
dence of absorption spectra on magnetic field. This method
was used to obtain the spectra measured above 17 T.

III. MEAN-FIELD MODEL

The mean-field theory of localized magnetic moments is
a widely applied tool to interpret the static and dynamic
magnetic properties of systems with periodic magnetic struc-
tures [53], e.g., ferro- [54], ferri- [34], and antiferromagnetic
[33] insulators. Particularly, the microscopic spin Hamil-
tonian of LiFePO, has been discussed by several papers
[30-32,46,55,56].

Here we aim to describe the magnetism and the THz-active
magnons of LiFePO4. We consider a classical mean-field
Hamiltonian of four Fe’™ spins represented by classical
vectors with length § =2, that occupy crystallographi-
cally nonequivalent positions of the unit cell, as shown in
Fig. 1. Corresponding to the Pnma paramagnetic crystal
symmetry [57], the Hamiltonian consists of orthorhombic
single-ion anisotropy and Zeeman terms, and symmetric
nearest-neighbor and antisymmetric Dzyaloshinskii-Moriya
exchange couplings connecting the four spin sites,

H= 4[‘]X}'(Sl : S3 + SZ . S4)
+J:(S1 -S4+ S, - S3)
D (5155 — 5385 + 8355 — 5i53)]

FY IS+ Al

— o (geH. S, + gyHyS! + g.H.S7)]. )

The two hard-axis anisotropies A, and A, produce the
effective easy axis along y. The last term is the interaction
of the electron spin with the applied magnetic field taking into
account the g factor anisotropy.

In our simplified Hamiltonian, the exchange coupling
terms Jy, and J; have been omitted as they connect spins at
magnetically equivalent sites, see Fig. 1. While the static
magnetic properties and the THz absorption spectrum are
insensitive to the identical energy shift of all states at the I'
point of the Brillouin zone produced by J, and J;, these
couplings are relevant when describing the dispersion of the

Field polarized

M (g /Fe*)

T
3 I x
= 03F — Hly
= T — Hlz
0.0 L I 1 " L " 1 " L " 1 n
0 20 40 60 80 100 120 140

Magnetic field (T)

FIG. 2. (a) Magnetic field dependence of the magnetization M
(solid, red) and (b) the directly measured dM/dH (solid, red) at
T =5 K for increasing pulsed field in H||y. The inset of panel
(a) shows VSM M — H measurements in quasi-static fields at 7 =
2.4 K, where the magnetic field directions are H || x (black), H |y
(red) and H || z (green). The dashed lines in panel (a) show the results
of the mean-field calculations with the parameters from Table I.
For comparison, we show the pulsed field magnetization data from
Ref. [46] with open red circles. The AFM, spin-flopped and spin
polarized state regions are shown for H || y.

magnon modes [31]. J,, was set to zero because it does not
affect the magnetization and secondly, an equally good fit of
magnon frequencies at the I" point was obtained just with four
parameters Jyy, Jy-, Ay and A;. As the antiferromagnetic J,,
and J,, couplings connect antiparallel spins of the zero-field
ground state, LiFePO, lacks magnetic frustration, in contrast
to the sister compound LiNiPOy [58].

The Dzyaloshinskii-Moriya interaction obeying the Pnma
crystal symmetry is D = (0, Dy, 0), similarly to the case
of LiNiPOy4 [58]. Since the energy scale of the single-ion
anisotropy preferring spin alignment along y exceeds the
Dzyaloshinskii-Moriya interaction, no spin canting is pro-
duced in zero field.

However, weak Bragg peaks in neutron diffraction ex-
periments indicate a slight rotation and canting of the spins
away from the collinear order by ~1°, which contradicts
the Pnma crystal symmetry [31]. Although spin rotation and
canting can be explained by invoking A,,S¥S? anisotropy and
D,(S]S7 — §7S7) Dzyaloshinskii-Moriya terms, in this study,
we neglect these terms in the Hamiltonian as the spin-wave
absorption spectra in the I point can be interpreted without
assuming the violation of the Pnma symmetry.

We model the spin dynamics using the Landau-Lifshitz-
Gilbert equation [59], as used in Ref. [58], by assuming that
the spins are oscillating about their equilibrium orientations
without changing their lengths. The equilibrium orientation

134413-3
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FIG. 3. (a) THz absorption spectra of LiFePO, at 55 K in the paramagnetic phase, and (b) the difference between the zero-field absorption
spectra recorded at 3.5 K (magnetically ordered phase) and 55 K, demonstrating spectral features associated with the onset of magnetic order.
Line colors correspond to the propagation direction of the THz radiation: k, (blue), k, (green), and k, (red). Two orthogonal polarizations
{Ef”, H}} for the given propagation direction, kx ~ E” x H}’, are indicated by the solid and dashed lines, according to the inset of panel (b).
F, withn =1, ..., 17 labels the modes in the magnetically ordered phase and F is an on-site magnetic excitation in the paramagnetic phase.
H} or E” indicate the magnetic- or electric-dipole activity of the mode, respectively. The blue, green and red rectangles mark the peaks with

absorption above the upper detection limit, Fy, Fs, F;, and phonon.

of the spins is found by minimizing the energy described
in the Hamiltonian of Eq. (4), with respect to the spin ori-
entations. Then the Landau-Lifshitz equation was solved to
get frequencies and oscillating spin components for each
magnon mode. The magnetic-dipole absorption of light by
spin waves is calculated assuming that the magnetic field
H® of radiation couples to the total magnetic moment of the
spins [58]. Dielectric permittivity in the absorption coefficient
formula, Eq. (10) in Ref. [58], was assumed to be real and
frequency-independent with components €, = 8.1, €, = 7.3,
and €, = 7.6 [60].

IV. RESULTS
A. Magnetization

We characterized LiFePO4 samples by measuring the mag-
netization at 2.4 K along the principal axes up to 14 T. Along
H || y, the measurement is extended up to 120 T at 5 K using
pulsed fields, see Fig. 2. The y-axis magnetization determined
from the pulsed-field measurements was normalized to the
value of static field measurements in the range from 4 to 14 T,
neglecting a small hysteresis of magnetization between 0 and
4 T. In the AFM state the spins are predominantly aligned
along the easy axis, the y axis in LiFePO,4. The magnetization
grows approximately linearly in increasing field for H || x and
H | z. When H |y is applied, the spins maintain easy-axis
alignment up to the spin-flop field marked by a jump in the
magnetization at (32 +3) T. As the field further increases
the magnetization grows linearly and reaches saturation at
(56 = 3) T. In the field-polarized state, the saturation magne-
tization is estimated to (4.4 &+ 0.3) up per iron. This value is
close to the magnetic moment 4.2 up determined by neutron
diffraction measurements in zero field [61]. The spin-flop field

deduced from our measurements is in agreement with former
high-field magnetization measurements [46].

B. THz absorption spectra in zero field

The zero-field THz absorption spectra of LiFePO, are pre-
sented in Fig. 3 and the mode parameters are collected in
Table II, while Fig. 3(b) features absorption spectra in the
AFM phase, relative to the paramagnetic phase.

The spectra in the paramagnetic phase show a broad but
weak magnetic-dipole active peak F,s at around ~55 cm™!
, Fig. 3(a). The magnetic on-site excitation Fos is H{ active
as it is seen in two polarization configurations, {E\’, H;’} and
{E?, H?}. The frequency and the selection rules of Fs are
reproduced by exact diagonalization of a four-spin cluster,
see Fig. S6 in Ref. [62]. Other features in the paramagnetic
phase spectra are E@-active phonon at 140 cm™', with a strong
absorption exceeding the detection limit, and absorption rising
towards higher frequencies due to the phonons with resonance
frequencies above 175 cm™.

To better resolve spectral features emerging in the magneti-
cally ordered phase we plot the difference spectra, «(3.5 K) —
a(55 K), Fig. 3(b). We observe a diminished absorption at the
tails of phonons at low T appearing as negative features in the
difference spectra between 140 and 175 cm™!. The change of
the 140 cm ™! phonon mode is obscured by the strong absorp-
tion and therefore the E¢ spectra, green and red solid lines, are
discontinued where the 140cm™' phonon peaks. The broad
peak Fus from the high-7 paramagnetic phase appears as a
negative feature in the difference spectra in H{ polarization.

All sharp modes, labeled Fi, ..., Fy7, are absent above Ty
and we assign them to spin excitations. The seven excitations,
B, Fu, Fs, Fs, Fg, Fy, and Fj;, are identified as magnetic-
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TABLE I. The parameters of the mean-field model used to describe the static magnetic properties and spin waves in LiFePO, : Exchange
couplings J; and J;;, single-ion anisotropies A; and A;;, Dzyaloshinskii-Moriya coupling Dy, and anisotropic g factor g;. All parameters are in
units of meV except the dimensionless g;.

ijs

'Ixz Jxv «Iyz Ay A: Dv 8x 8y 8z Ref.
- 0.096(6) 0.54(1) 0.51(2) 1.45(3) 0.025(5) 2.10(6) 2.35(17) 2.10(6) 2
0.05(1) 0.14(2) 0.77(7) 0.62(12) 1.56(3) 0.038° 2.24(3) 2.31(2) 1.99(3) [46]°
0.05(1) 0.14(2) 0.77(7) 0.62(12) 1.56(3) - - - - [31]
0.01(1) 0.09(1) 0.46(2) 0.86(2) 2.23(2) - - - - [32]
*This work.

®The Dzyaloshinskii-Moriya parameter D, = Jpy/4, where Jpy is from Ref. [46] and 4 is the corresponding coordination number.
“The exchange interactions and single-ion anisotropies are from Ref. [31] and g factors from Ref. [56].

dipole active modes. Six modes, Fyo, Fi2, Fi3, Fis, Fi6, and orthogonal to their main magnetic dipole component. The
Fi7, are identified as electric-dipole active resonances. The weak absorption in other polarizations could be explained by
mode Fj3 has a shoulder, thus, it was fitted with two Gaussian the imperfections of the polarizer. However, we can not com-
lines with maxima at 124.4 and 127.6 cm~'. Two modes, F; pletely rule out that some of these modes are ME resonances
at 71.4 cm™! and F4 at 137.1 cm™!, are both electric- and with a weak electric-dipole component which can be tested by
magnetic-dipole allowed, therefore, we identified them as ME further measurements of the nonreciprocal directional dichro-
resonances. F7 is the strongest in {E}’, H{’} polarization, red  ism on magnetoelectrically poled samples [13,16]. We can not
dashed line in Fig. 3(b), and its intensity is halved if only identify the selection rules for modes F; and F; as they are too
one of the components, E;,” or H?, is present. Thus F7 is an weak.

example of a ME resonance which couples equally to the

magnetic and electric components of radiation. We detected

Fi4 in the same three polarization configuration, thus, we also C. Magnetic field dependence of spin waves

assigned it to a ME resonance with the same selection rule as The magnetic field dependence of mode frequencies and

mode F7, {EY’, H}. intensities between 0 and 17 T is shown in Fig. 4 for Faraday,
The three strongest magnetic-dipole active modes Fi,  panels (a)—(c), and Voigt configuration, (d) and (e). The modes

Fs, and Fi; show only weak absorption in polarizations mostly stay at constant frequency when the magnetic field

TABLE II. The excitation configurations and field dependence of LiFePO, modes in the AFM phase. The selection rules were found by
measuring polarization dependence of spin excitations in three principal directions without magnetic field. The absorption line energy and area
in zero field were obtained from the fit to Gaussian line shape, except Fi3 where the sum of two Gaussians was used. The slopes of the modes
were estimated from the linear field dependence between 15 and 17 T; if mode was not visible in this field range, the lower field range was
used. From the slopes the |Amy| values are proposed assuming g ~ 2. Modes Fj to F; were observed by INS spectroscopy [31,32] and are
fitted to the mean-field model in this work.

Mode Energy at0 T AreaatOT Selection Magnetic field Slope b, | Amy|
(cm™!) (cm™?) rules at 0 T direction (em™' T7H
F, 18.3 4 z +1.4
)28 24.7 2 b4 +1.5
F 30.8 2 H? y —0.9,4+0.9 1
Fy 46.2 (5.7 meV) > 100 HY y —1.1 1
Fs 58.0 (7.2 meV) 6 H? y —1.1 1
Fs 67.9 (8.4 meV) > 200 H? y +0.9 1
F 71.4 (8.9 meV) 37 H? EY y +1.0 1
F 76.2 9 H? y —0.8, +1.0 1
F 90.8 2 H? X +0.1
Fo 102.2 57 E? y -33 3
F 109.0 74 HY y +1.8 2
Fi, 120.8 50 EY y -19 2
Fi3 124.4,127.6 185 E? y -0.3
Fiu 137.1 17 H? EY y -3.0, +2.8 3
b4 —0.6
Fs 146.3 30 E? y —3.7,4+3.8 4
z +0.7
F 163.7 2 EY X -0.3
F 164.8 4 E? y 0.0

134413-5



L. PEEDU et al. PHYSICAL REVIEW B 106, 134413 (2022)

200
150 [ (a)k[H]x " (B)k[H]y () k[H|z
[ FFir I.I O: ® Fi7 ; 1
160-F16 ....... cecccccccone BATE R 1))
s Yy T YT YT YT Ty ey e Fis g v v P
?14O'F14 R R FE R 4 0 0 & 8 5 é,E_DTELD-
| i Fis ‘?..F"?‘ .
£ 120 |1, G60000000000000000 -Fmﬁmmmﬁﬁﬁmﬁfrw%
PO ER A AAsaassanssassss 7V vl E
S 10010 >
g lFg ceececssesesonsnsnsce o0
Q
g 80 5
L L L7
z (R
60 [
ey
40
| 3
20rm
0 1 1 1 1 1 1 1 1 1 1 1 1 0
0 5 10 15 0 5 10 15 0 5 10 15
200
. [ (d)H]ly, k|| or k|| (o) H]
LiFePO : .
4 180_ v',w.:&'. ]
| 4 300 Z;;' | Fig cvcesveervnns ERRERN PV
160 S
w w w v
Bz By B Fis vvvvv¥¥3zzz"
HY HEE | ?140- [Fl4a vesssy
HY ‘ |
v £ 120
| O| @ g
4 100
£
Theory —
Y § 80
2
60
40
20
0 1 1 1 1 1 1 1 1 O
0 5 10 15 0 5 10 15

Magnetic field (T)

FIG. 4. Magnetic field dependence of the spin-wave resonance frequencies and absorption line areas at 7 = 3.5 K in LiFePO,. (a)—
(c) correspond to measurements in the Faraday (k || H), while (d) and (e) correspond to experiments in the Voigt (k L H) configuration. The
direction of the magnetic field is (a) — H| x, (b), (d) - H ||y, and (c), (e) — H|| z. The symbols correspond to six combinations of linear light
polarization {E}”, H’} as indicated at bottom left of the figure. The symbol height is proportional to the square root of experimental absorption
line area with the same scaling as wave number axis. To simplify the figure the larger symbols are not shown for every measured field. The
error bars (vertical green lines) from fitting the line positions in most cases are too small to be seen in the figure. The black lines are the results
of the mean-field model calculations, modes Fy, Fs, Fg, and F;. Comparison of experimental and calculated intensities is in Ref. [62].

is applied along the hard axes, H | x, Fig. 4(a) and H|| z, to each of the modes and collected them in Table II. If the
Figs. 4(c) and 4(e). However, most of the resonances shift mode was not visible in this range, a lower magnetic field
with the magnetic field for H || y. We assigned a slope, b; = range was used. One mode, Fj7, has zero slope and Fy, Fi3,
AE /AB, calculated between 15 and 17 T in units cm~ T and Fj¢ have a moderate value, |b;| < 0.3. Modes Fy4 and Fi5
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FIG. 5. THz absorption spectra of spin-wave excitations in magnetic field H | k || y at 7 = 3.5 K in two orthogonal polarizations,
(a) {H?, E?} and (b) {H?, E’}. The broad stripes are the results of the mean-field calculation, Fy, Fs, Fs, and F7, in order of increasing
frequency; the width of the line is proportional to the square root of the line area with the same scale as wave number axis and calculated in the
magnetic dipole approximation. The zero-field 55 K spectrum was used as a reference below 17 T and the low-temperature zero-field spectrum
above 17 T. Filled circles are the spin-wave excitation energies reproduced from Ref. [46].

have the largest |b;| for H|| y but also a substantial |b;| for
H| z.

Assuming g = 2 we estimated from the slopes the change
of the spin projection quantum number, Amy, upon the ex-
citations. The results are listed in Table II. The spin waves
below 80cm™! (zero-field frequency) have |Am,| = 1 while
above 100cm™!|Amy| is 2, 3 or 4. |Amy| was not assigned
to F; and F, where b; ~ 1.5 cm~! T~! below 8 T, which
is between Am; = 1 and 2. We note that b; of F; changes
with field. Tt is 0.9 cm™' T~! above 8 T. This change
of slope could be due to the anti-crossing with F; but we
do not have evidence for that because the mode was too
weak to be detected in the high-field magnet setup above
17 T.

The absorption spectra in high magnetic field H ||y up to
31.6 T are presented in Fig. 5. The spin-wave excitations, Fg
and F7, start softening before reaching the spin-flop transition
at 32 T, in accordance with the mean-field calculation. Also,
Fi3 at about 125cm™! shows softening close to 30 T. Spectra
in other two field directions, H || x and H || z, above 17 T are
shown in Ref. [62], Figs. S1 and S3.

D. Mean-field model results

The parameters of the mean-field Hamiltonian [Eq. (4)],
listed in Table I, were obtained by fitting the observed field
dependence of the magnetization and the frequencies and
oscillator strengths of the four magnons, Fj to F;.

Neglecting the effect of the weak Dzyaloshinskii-Moriya
interaction, the zero-field frequencies of the two strongest spin

waves F, and Fy are >
Vase = 28/ Ay (A0, + Ty + Ay, ©)
while the zero-field frequencies of the weaker F5 and F7 are
V57 = 28/ 4Ty + Ay) @y + Agpo). (6)

As the measured frequencies of Fy, Fs, Fs, and F; have the
highest precision among our experimental observables, we
used Egs. (5) and (6) to unambiguously determine the Jyy, Jy.,
Ay, and A, parameters.

It follows from the mean-field model that without
Dzyaloshinskii-Moriya interaction D, the intensity of THz
absorption of F5 and F; is zero. Thus, we used the observed
intensities of F5 and F; in zero field (presented in Table II and
in Tables I and II of Ref. [62]) to determine D,.

The magnetic susceptibilities along the x and z hard axes
are obtained from the mean-field model as

(8/:1BS)?
16(-]\7 + ny) + 4Ax/z '
and was used to obtain the diagonal g, and g, components

of the g factor from the field-dependent magnetization, M, =
XoHy, shown in Fig. 2.

Xx/z = Mo (@)

2Similar quantum-mechanical formulas but for the spin-wave dis-
persion were derived in INS studies [30,31,63]. Neglecting the
quantum-mechanical 1/2 correction to the spin length introduced in
Eq. (7) of Ref. [31], it reduces to Eq. (5) in the T" point and to Eq. (6)
in several other points, e.g., in (0, 0, 1).
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In magnetic field along the y easy axis two critical fields
appear in the model and in the magnetization measurements
(Fig. 2), the spin-flop field (noHsg) and the saturation field
(oHsat ). The latter can be calculated as

2S[4(Jyz + ny) - Ax]
1B8y '

HoHsa = (8)

This analytical expression for poHsy, the numerical simula-
tion of poHsk together with the sy = 1pg,S relation for the
saturation magnetization moment, Fig. 2, and the observed
magnetic field dependencies of the mode frequencies F; to F;
[see Figs. 4(b) and 4(d)] were used to fit g,. The error bar of
gy (Table I) is calculated from the scattering of the g factors
obtained from various experimental inputs, from 2.2 to 2.5,
and from the error bars of corresponding measurements.

With the parameter set determined above, Table I, the mag-
netic field dependence of the modes Fy to F; below 17 T is
reproduced remarkably well by the model for all three mag-
netic field directions, Figs. 4 and 5. The anisotropic g factor
values improved not only the magnetic field dependence of
spin-wave frequencies, but also reproduce the value of the
spin-flop field and the saturation field, Fig. 2. In addition, the
calculated magnetization as a function of H, and H, follows
the measured M (H ) below 15 T, inset to Fig. 2.

For the easy-axis direction of the magnetic field, H| y,
the agreement of the observed and calculated magnetization
curves is only qualitative. Firstly, the classical model produces
collinear antiferromagnetic ground state with zero magneti-
zation below the spin-flop field. Thus, the observed small
susceptibility can originate from quantum mechanics, where
the ground state deviates from the classical Néel state, or
from magnetic impurities[48]. Secondly, the saturation value
of the magnetization calculated with the mean-field model
for H||y is 6% higher than the experimentally observed,
Fig. 2(a). However, the two values still agree within the
experimental accuracy. Reason for the failure to reproduce
the saturation magnetization and the spin-flop field with the
same set of magnetic-field independent parameters could be
magnetostriction [56]. Magnetostriction, as was proposed in
Ref. [46], could also be the reason why the mean-field model
does not reproduce the frequency of Fy close to the spin-flop
field, 32 T in Fig. 5.

V. DISCUSSION

A. Magnons from the mean-field model

We found that the mean-field model quantitatively de-
scribes the magnetic field dependence of the frequencies of
spin waves Fy, Fs, Fg, and F7, Fig. 4. These modes have a
linear field dependence with the slope close to =1cm™! T~!
when the field is along the easy axis y. This slope corresponds
to a spin-wave excitation with Am, = %1, assuming g ~ 2.
Other studies also found a g factor close to 2 [46]. Other
candidates for the Am; = %1 spin-wave excitations are F3
and Fg. However, both of these modes have two branches
degenerate in zero field. The magnetization measurements,
inset of Fig. 2(a), indicate biaxial magnetic anisotropy in
LiFePO4 which lifts the degeneracy of magnetic resonances in

zero field. Therefore F3 and F3 cannot be consistently included
into the mean-field description.

The magnons of the mean-field model have oscillating spin
components, 8S; = S; — Si, perpendicular to the equilibrium
direction of the i-th spin, S;. The spin wave couples to the
magnetic field of radiation if the oscillating spin component
of the whole magnetic unit cell is finite, H” - (ZLI 8S;). The
equilibrium direction of the spins is aligned to the easy axis y
within few degrees in LiFePOy. The selection rules, Table II,
show that F and Fs are excited by the H” component of radi-
ation and modes Fg and F; by the H? component, which both
are perpendicular to S;. The magnetic field dependence of in-
tensities of the strongest modes F; and Fg is well described by
the mean-field model. Firstly, Fy is H?- and Fg is H” -active
in zero field, Table II. Secondly, as H, increases, F; becomes
Hp-active and Fg becomes H’-active, Fig. S4 in Ref. [62].
Thus, for modes F; and Fg the agreement between theory
and experiment is good. The weak Pnma-symmetry allowed
Dzyaloshinskii-Moriya interaction D, in LiFePOy4 does not af-
fect the collinear antiferromagnetic ground state, but gives to
Fs and F; resonances magnetic dipole activity. The experimen-
tal and theoretical selection rules of the weaker modes agree —
Fs is HY-active while F; is H{-active, see Fig. S4 and Tables I
and Il in Ref. [62]. As observed experimentally, Fig. 3, F7 is in
addition electric-dipole active. This feature is not reproduced
by our calculations because the coupling of spins to the elec-
tric field was not included in the mean-field model.

The weak Dzyaloshinskii-Moriya interaction in LiFePO4
was experimentally determined earlier by high-frequency-
high field electron spin resonance spectroscopy [46]. They
also concluded that a Dzyaloshinskii-Moriya interaction is
needed to observe additional weak magnetic-dipole active
excitation, Fs in our notation. The Dzyaloshinskii-Moriya in-
teraction used in Ref. [46] was in general form, (D,, Dy, D).
Here we show that one Dzyaloshinskii-Moriya component, D,
allowed by the Pnma symmetry, is sufficient to describe the
intensities of F5 and F;7. The Dzyaloshinskii-Moriya strengths
derived from the two experiments are similar, see Table I.

As follows from Eq. (5) and Eq. (6), if J,, =0, F; and
F5 are degenerate in zero field, v4 = vs, and also vg = v7.
In this case the nearest-neighbor (100) planes of the {Si, S4}
and {S,, S3} sublattices, separated by a/2, are decoupled
from each other, thus, their corresponding in-phase (Fje)
and out-of-phase excitations (F5 7) with respect to each other
are degenerate. Consequently, Fy and Fs can be consid-
ered as the in-phase while F5 and F; as the out-of-phase
resonances of the nearest-neighbor (100) planes. Without
Dzyaloshinskii-Moriya interaction the total oscillating mag-
netic dipole moment of the unit cell produced by F5 and F7 is
zero. This explains the weak intensity of F5 and F; compared
to Fy and Fg in the THz absorption spectrum. Furthermore,
the correspondence between the INS magnon dispersion in-
terpreted in the two-spin unit cell scheme [30-32] and our
I"-point optical experiments can also be formulated based on
the mean-field results. Namely, Fy and Fs correspond to the
magnons observed in the zone center, Q = (0, 2, 0) [31] or
Q =(0,0,2) [32] while F5 and F; are zone-boundary exci-
tations of the two-spin unit cell, seen at Q = (0, 0, 1) [32],
Q=(,1,0) [30,31], and Q = (0, 1, 1) [31] in the INS ex-
periments [30-32].
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B. Spin excitations beyond the mean-field model

Out of 17 lines appearing below Ty in the THz absorption
spectrum only four can be described by the classical four-
spin mean-field model. The rest can be (i) spin-stretching
excitations captured only by multiboson spin-wave theory
or alternatively by crystal-field schemes including exchange
fields, (ii) two-magnon excitations (two spin waves with
nearly opposite k vectors), or can even be (iii) excitations from
impurity spins. Assuming that the spins are aligned along the
y axis the magnetic symmetry reduces to Pnma’ [30]. Since
all spatial symmetries of the paramagnetic state remain in
the AFM phase, at least in combination with time-reversal
operation, we do not expect new optical phonon modes to
emerge below Ty.

We assign absorption lines Fj, F> and F3 to impurities
because these very weak modes are located below the lowest-
frequency magnon mode F;. In addition, the frequencies of F
and F; increase linearly in magnetic field H || z, not coinciding
with easy-axis direction y. Previous works have found that
Fe?* at Li" site has zero-field splitting 7.3 cm~' (220 GHz)
[48]. The lowest impurity absorption line in our spectrum is F}
at 18 cm~! in zero field. This suggests that we are observing
different impurities than reported in Ref. [48].

The mean-field model does not describe spin excitations
F3—Fy7. Several of them are electric-dipole active and have
a steep magnetic field dependence of frequency, suggesting
|Amg| > 1 change of a spin projection quantum number. This
is unusual for a spin-wave excitation but can be explained
by a large single-ion anisotropy (A) which is compara-
ble or stronger than the exchange coupling (J) [37], see
Table I. In that case a suitable approach is a multiboson
spin-wave theory, which describes more than four spin-wave
excitations in a four-sublattice magnet. Out from the or-
thophosphate compounds, the multiboson spin-wave theory
has been only applied to LiCoPOy, a S = 3/2 spin system
[13]. Developing a multiboson spin-wave theory for LiFePO4
is a tedious calculation, therefore, it is out of the scope of this
paper.

Some of the observed features can be explained quali-
tatively in the limit of zero exchange and Dzyaloshinskii-
Moriya coupling. Assuming rotational symmetry about the y
axis in Eq. (4), A; = A,, the spins are parallel to the quantiza-
tion axis y, and the energy levels E,, of spin S = 2 are Ey, E1|
and E1,. When the H || y field is applied, the energy difference
E,, — E_, increases approximately at a rate 4 cm~! T~!,
as observed for the spin-wave excitation Fjs. The electric
dipole activity comes from the on-site spin-induced polariza-
tion which in the lowest order of spin operators is P Saﬁﬁ
(, B =x,,2) [13]. Although P o< §2 and §? (quantization
axis is y) couple states different by Amg; = £2 it does not
explain the |Amy| > 3 transitions, Fjo, Fi4 and F}5s. However,
in LiFePOy the single ion anisotropies are not equal, A, # A,
and mix Ej into E, states, see Table I in Ref. [32]. Therefore,
the selection rule for the electric-dipole transition, Am; = 2,
and mixing of states gives finite electric-dipole moment to the
Amy = 4 transition. In a similar manner, P « 8,8, and 3,
could give rise to Am; = =1 transitions and if the mixing of
states is taken into account, then to the electric-dipole allowed
Amg = %3 transitions.

Two spin waves, w;(q;) and w,(q>), can be excited by THz
radiation of frequency w = w; + w, if q; = —qp, which is
termed as two-magnon excitation. The exact frequency depen-
dence of this absorption depends on the coupling mechanism
between the radiation and the spin wave and on the density
of spin-wave states [64—69]. This leads to broad absorption
bands with peaks at the highest density of spin-wave states
[58,64-67,70,71], mostly with spin waves from the edge of
the magnetic Brillouin zone. Since the product of the two
spin operators has the same time-reversal parity as the electric
dipole moment, the simultaneous excitation of two spin waves
by the electric field is allowed and this mechanism usually
dominates over the magnetic-dipole active absorption [72].
A relatively broad electric-dipole active absorption line is
Fi3. If w1(q1) = w2(q2), the spin-wave frequency should be
) ~ 60cm™! = 7.4 meV. At about the same energy two dis-
persion curves cross in the [0,1.5,0] Brillouin zone point of the
two-spin unit cell [31,32]. The [0,0.5,0] point, equivalent to
[0,1.5,0], is the Brillouin zone boundary of the four-spin unit
cell and therefore we expect anticrossing of two dispersion
curves which leads to increase in the density of magnon states
at this point. Thus, considering the linewidths, energy scale,
and the electric-dipole activity, Fi3 could be a two-magnon
excitation. Another candidate for a two-magnon excitation is
the electric-dipole active Fj,. Although it is relatively broad
in zero field, it has a complicated field dependence in H || y,
see Fig. S5 in Ref. [62], what can not be explained within a
simple model of two-magnon excitation.

VI. SUMMARY

We studied the magnetic ground state and the spin exci-
tations of the magnetoelectric antiferromagnet LiFePO, by
magnetization measurements in magnetic fields up to 120 T
and by THz absorption spectroscopy up to 33 T. Magneti-
zation measurements revealed a spin-flop transition at 32 T
before reaching the saturation at 56 T. We found 17 ab-
sorption lines below 175 cm~! (5.25 THz) appearing in the
magnetically ordered phase. Based on the magnetic field de-
pendence of the resonance frequencies and the intensities,
we assigned four of them to magnon modes (F; — F7), eight
to multiboson spin-wave excitations (Fg — Fiy, Fia — Fi7),
two to two-magnon excitations (Fj,, Fj3) and the rest to the
absorption by impurity spins (F; — F3). We applied a mean-
field model, which describes well the four magnon modes
(Fy — F7). We attribute the other spin-wave modes to excita-
tions with |Amg| > 1 arising due to the large, S = 2, spin of
octahedrally coordinated Fe?* ions. Such excitations may be-
come electric-dipole active due to symmetry allowed coupling
between spin-quadrupolar fluctuations and electric polariza-
tion. Two modes, F7 and F}4, are magneto-electric resonances
with significant coupling to both, electric and magnetic field
component of radiation. Additional experiments on magneto-
electrically poled samples are needed to clarify if these two
resonances show nonreciprocal directional dichroism [13,16].
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