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1. Motivation

Within the course of this work excitations of spin, lattice and charge degrees
of freedom in multiferroic compounds are investigated by means of broadband
optical spectroscopy ranging from terahertz frequencies up to the visible spectral
range. Multiferroics are materials, which exhibit different ferroic orders that exist
simultaneously in the same phase [1-6]. The term multiferroics refers mostly
to materials with concomitant ferroelectric and magnetic order. Due to the
coupling between microscopic electric and magnetic dipoles, these compounds
exhibit magnetoelectric effects. Magnetoelectric materials are subject of intense
research activity, as they are promising candidates for technical applications. They
may open a path towards energy-efficient data storage technologies [5], low-power
electronic devices 7] or magneto-optical diodes [8]. The simultaneous breaking of
spatial and time-reversal symmetry is an essential ingredient for the unconventional
properties of magnetoelectric materials [5].

For instance, in the investigated polar transition metal molybdenum oxides
M;MozOg the symmetry conditions under a magnetic field applied perpendicular
to the polar axis give rise to unidirectional transmission for light propagating
perpendicular to both the polar axis and the magnetic field. This phenomenon is
also referred to as the directional dichroism, that is the difference in the absorption
of counter-propagating light beams. This violation of the reciprocity principle
can occur due to the dynamical magnetoelectric effect under certain symmetry
conditions.

Excitations of lattice degrees of freedom, i.e. phonons, are closely linked to
the crystal symmetry and, thus, offer the possibility to investigate changes of the
symmetry at phase transitions accompanied by structural changes. While the
present studies eventually exclude a lattice symmetry lowering upon the magnetic
transition of Fe;Mo3Og, the phonon study of the lacunar spinels AM,Xg provides
evidence for the symmetry lowering at the structural transition that typically
occurs in these compounds between 30 and 50 K. The lacunar spinels, whith some
of them hosting unconventional magnetic structures like cycloidal or Skyrmion
lattice phases, have attracted much interest in recent years. So far the electronic
structure of these narrow-gap semiconductors has not been fully understood yet
and therefore is another objective of the optical measurements performed within
the course of this work.

This thesis is structured as follows: At the beginning, the basic ingredients of
this work are introduced: The multiferroic materials, the magnetoelectric effect
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and the Kubo formula. The last is derived in frame of the linear response theory,
and is used to discuss the optical property tensors and the relation between their
form and the material symmetry. On this basis, the unidirectional transmission
arising from the dynamic magnetoelectric effect is derived. Subsequently, a brief
introduction to the experimental techniques, namely the terahertz time-domain
spectroscopy and the Fourier-transform infrared spectroscopy, is given and the
calculation of the material parameters from the experimental data is explained.

The excitations representing the different degrees of freedom in the studied
compounds are usually located in distinct frequency regions. This is reflected in the
structure of the results part of this thesis, following the hierarchy of the excitations
from low to high energy. At first, the magnons and low-energy excitations of
transition-metal molybdenum oxides in the THz range are discussed, which show
remarkable directional dichroism. Afterwards, the temperature dependence of the
phonon excitations of FesMo3Og in the infrared range and their relation to orbital
degrees of freedom are discussed.

The study of the phonons for a broad series of lacunar spinels allows not only to
trace the symmetry lowering at the structural phase transition, but also to assign
the different modes to distinct structural units. Finally, the systematics of electronic
excitations in lacunar spinels are revealed by broadband optical measurements
up to the visible range. From experimental side, these compounds are clearly
identified as narrow-gap semiconductors already in their high-temperature cubic
state. This study, involving compounds with 3d, 4d and 5d transition metals, may
serve as a solid basis for future theoretical investigations.
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At first, the fundamentals of multiferroics and the magnetoeletric effect will be
described. After that, the Kubo formula, which is a basic outcome of linear re-
sponse theory, will be introduced and its relation to the optical property tensors
will be discussed. Based on this, the directional dichroism, which originates from
the dynamical magnetoelectric effect, will be explained in detail. Finally, an intro-
duction to the studied compounds, namely the transition metal oxides MsMozOg
and the lacunar spinels AM,Xs, will be given.

2.1. Multiferroics and the magnetoelectric effect

Multiferroics are compounds exhibiting two or more primary ferroic orders, which
coexist in the same phase [1-6]. Ferroic order refers to a spontaneous uniform
ordering of a macroscopic property, which is switchable by its conjugate field: This
includes ferromagnetic, ferroelectric, ferroelastic and also ferrotoroidic order, where
the magnetization M is switchable by magnetic field H, the polarization P is
switchable by electric field E, the strain € is coupled to stress o and the toroidal
moment T is conjugated to crossed electric and magnetic fields E x H [4,5,9].
Nowadays, the term multiferroics is usually also extended to antiferromagnetic
and ferrimagnetic order, but mostly refers to magnetoelectric materials combining
ferroelectricity and magnetic ordering [5,6]. Multiferroics can be classified in
two groups referred to as type I and type II [5,10]. In type I multiferroics,
ferroelectricity and magnetism are of different origin and occur independently. In
type II multiferroics, ferroelectricity and magnetism are strongly coupled to each
other and, therefore, appear concomitantly. As it will be elucidated in sections 2.4
and 2.5, all compounds studied in the course of this work are type I multiferroics.

Probably the most interesting aspect of multiferrioc compounds is the cross-
coupling between the different order parameters. As a consequence, one order
parameter may not only be controlled by its own conjugate field, but also by the
conjugate field of another order parameter 6], leading to, e. g., the piezoelectric,
magnetoelastic or, most prominent, the magnetoelectric effect, as illustrated in
Fig. 2.1.

The magnetoelectric effect, already predicted in 1894 by Pierre Curie [11], allows
the control of polarization by magnetic field and the control of magnetization by
electric field. Therefore, materials with magnetoelectric coupling have drawn huge
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piezoelectric effect

Figure 2.1.: Order parameters P, M and € and their conjugate fields £, H
and o. In multiferroics, via cross couplings an order parameter may not only be
controlled by its own conjugate field, resulting in piezoelectricity, magnetoelasticity
or magnetoelectricity. Adapted from Ref. |2, 3].

research interest, as they have high potential for applications [12]. In the field
of information technology, e.g., they open new paths towards miniaturization,
enabling electric-field controlled magnetic data storage, multiple-state memories
or spintronic devices |2,12|. The magnetoelectric effect is not strictly restricted
to multiferroic materials [5,13]. On one hand, the presence of magnetic and
ferroelectric order is not a sufficient condition for the magnetoelectric effect. On
the other hand, the magnetoelectric effect can also occur in compounds that are
not multiferroics.

Formally, the magnetoelectric effect can be introduced by the expansion of the
free energy F'(E, H), which in the dc limit under Einstein summation convention
is given by [8,14]:

1 1
F(E, H) = Fy— PZ-SEz‘ - MislvboHi - §€0X§§EiEj - §M0X$mHiHj - \/%XZ}CEij

1 1

Here Fy is the free energy in the absence of external fields and P° and M® are the
spontaneous polarization and magnetization, respectively. ¢y and g are the vacuum
permittivity and permeability, respectively. x°° and x™" denote the electric and
magnetic susceptibility tensors. The linear magnetoelectric effect is introduced by
the linear magnetoelectric tensor x™¢. The third-order tensors B and 4 account for
the contribution from quadratic magnetoelectric effects. From the free energy the
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polarization and magnetization are obtained by P = —9E and M = —L2E [15].

oE wo OH
This results in [8,13]:

1
P.(E,H) = P} + eoX§; E; + /eorox;) H; + 5@'ijij + i Hi By + -+

2.2)
€ 1 (
Mi(E, H) = M} + x"™H; + | //TOX;?;GEj t BigeBiHj + 5B By + -

0

The tensor x“" accounts for the electric polarization induced by magnetic field,
while x™¢ describes the magnetization induced by electric field. In some cases, e. g.
in magnetic materials with reduced dimensionality [13|, the contributions from the
higher-order terms B, 4 to the magnetoelectric effect may be crucial. However,
often the higher-order terms are neglected [8] and it is enough to concentrate on the
linear magnetoelectric effect. It can be shown that the linear magnetoelectric effect
is limited by xJ}¢ < \/XGXJ;™ [8,13,16,17]. This implies that the magnetoelectric
effect can especially be strong in ferroelectric and ferromagnetic multiferroics,
where both x® and x™™ is large [3].

In the following, only the linear magnetoelectric effect will be discussed in detail.
Equations 2.2 can be extended to the dynamical case. The dynamical response of
polarization and magnetization to oscillating electric and magnetic fields reads as
follows:

PUJ — €0>ZGEEW + MXGIHH(.U,
2.3
Mw — Amme_+_ G_OXmeEw‘ ( )
\/ Ho

The electric and magnetic permeability tensors € and fi are directly related to x*°
and Y™™ and are introduced according to

o (2.4)
Hij = 045 + Xij >

€j = 0ij + X

with d;; being the Kronecker delta. Using Egs. 2.3 and 2.4, the electric induc-
tion D = ¢ E + P and the magnetic induction B = po(M + H) adopt the
symmetrical form

D = EoéEw + \/60M0)A<eme,
B* = poftH” + \/eopoxX " E*,
which is convenient for solving the Maxwell equations. This will be done in

section 2.3 in order to demonstrate how the magnetoelectric effect can induce
directional dichroism.

(2.5)
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2.2. Light-matter interaction in the linear
response regime

As already mentioned in the previous chapter, the response of a material to
electromagnetic radiation is described by the optical property tensors. In the
experiments performed in this work, the electromagnetic radiation can be regarded
as a small perturbation and, thus, the optical property tensors can be treated
within the scope of the linear response theory, which allows to express the elements
of the optical property tensors by the Kubo formula.

In general linear response theory considers a perturbatlon Coupled to an opera-
tor B according to a perturbation Hamiltonian 6H (t) = —Bf(t) [18]. Provided
that the perturbation is small compared to the equilibrium Hamiltonian, the
response observed as a change §A of the expectation value of the operator A can
be treated in linear approximation. It can be shown that the non-equilibrium
expectation value of A at a given time ¢ can then be written as [18]:

t

A0 = (A + 840 = (A + [ Pee)f@)ar. (20

—00

Here (A)o denotes the expectation value of A of the unperturbed state. The linear
response function y4% is given by

() = AW, BBl - 1), 2.7

where O(t — t') is the Heaviside step function. ©(¢ — ¢') ensures that the causality
principle is fulfilled , i.e. if the perturbation is switched on at ¢t = ¢/, then d A can
only be different from zero for ¢t > ¢'.

Evaluation and subsequent Fourier transformation of Eq. 2.7 results in the
Kubo formula, which provides an expression for the frequency dependent response
function yap(w). In the zero temperature limit y 4p(w) is given by:

s (e hz wnoi)?{ 0] A |n) (NIBIO>}+M%{<0|AIH> (n| B10)}

2 2 2 _9;
w? — 2iwd,, Wiy — w? — 2iwd,

= Xap + Xap- (2.8)

The Kubo formula contains matrix elements describing transitions from the ground
state |0) to an excited state |n) separated by the energy E,, = hwyg. d, is the
inverse lifetime of |n). The symbols R and I denote real and imaginary parts. It is
convenient to separate x 4p into the terms containing the real (y/,5) and imaginary
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parts (x’yz) of the matrix element products. x4z and xyz are not to be confused
with the actual real and imaginary parts of yap.
When exchanging the operators A and B, the following relations directly result
from the Kubo formula:
XaB = X
Ap AR (2.9)
XAB = —XBa-

Furthermore, it can be shown that under the time-reversal symmetry operation T
the response function behaves as follows [19]:

T {xa5} = €acnXB4. (2.10)

The coefficients €4 and €5 account for the behavior of A and B under time reversal.
They are either +1 or —1 depending on whether the respective operator represents
a time-reversal even or odd quantity.

Now the general operators A and B can be related to the magnetic and electric
dipole operators m; and p; and the response function x4p can be identified with
the optical property tensors. Consequently, the optical property tensors can be
expressed in their microscopic form by the Kubo formula [20]:

2 wnoM{ (0] p; |n) (n| p; |0 1wS{(0] p; |n) (n]p; |0
—Z{ L[ pi[n) (]9 10)} {<|p|><|p|>}1

V ke w2, — w? — 2iwd, w2, — w? — 2iwd,
S (2.11)

2110 {wmmm i |n) {nlm; |00} | iwS{H{O] i |n) (n] iy !0>}]

Vh w2, — w? — 2iwd, w2, — w? — 2iwd,
=l + il (2.12)
e (w) = —  [Ho 3 wnoéﬁ{2<0| i n) (0] P [0)} Z'¢0%~{§()| i [n) (n] P 0)}
J VhY e < Why — w? — 2iwd, Wiy — w? — 2iwd,
= x5+ (2.13)

Here V' denotes the volume of the system. x°™ can be written analogously to y™°.

Furthermore, it follows directly from Eqs. 2.9 that these two tensors are related to
each other according to

X?]}e — X;‘?el + X;r;e/l — X;;nl _ X;;n// (214)

The electric dipole operator p; is time-reversal even, whereas the magnetic dipole

operator m; is time-reversal odd. Therefore, the coefficients introduced in Eqgs. 2.10
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are €y, = +1 and g,,, = —1. With that it follows from Eqs. 2.9 and 2.10 that the €};

and pf; are time-reversal even and the ¢; and p;; are time-reversal odd quantities.

me/ me // em /!

On the contrary, the x};°" and x§"" are time-reversal odd and the xj3°” and x{;

are time-reversal even quantities. As it is clear from Eq. 2.8, in the zero-frequency
limit €5, p; and xj5°” vanish and, hence, the static response is described solely
by E;ja ,U;j and X?;e,

It was shown in section 2.1 that the dynamical magnetoelectric effect is gov-

em /

erned by the dynamical magnetoelectric susceptibility tensors x™¢ and y“™. As
it can be seen from Eq. 2.13, x™* is finite only, if both matrix elements (0| mn; |n)
and (n| p, |0) are finite, i. e. if the transition from the ground state |0) to the excited
state |n) can be excited both via the magnetic and electric dipole operator. This
implies that the dynamical magnetoelectrical effect only appears for both electric
and magnetic dipole active excitations [21], so-called magnetoelectric resonances.
Concerning low-energy spin excitations, these are to be distinguished from the
purely magnetic dipole active conventional magnons and the purely electric dipole
active electromagnons.

2.3. Unidirectional transmission

When spatial and time-reversal symmetry are simultaneously broken, in a material
the refractive index for light beams travelling along certain direction can have four
different values, corresponding to the two orthogonal polarizations and the two
directions of propagation, +k [20,22]. This is called quadrochroism. Consequently,
counter-propagating light beams with propagation directions +k and —k can have
different absorption strengths. In the long-wavelength limit, when the light-matter
interaction is well described by x®°, x™™, x*™ and x™¢, the origin of such directional
dichroism is the dynamical magnetoelectric effect. Therefore, it is not surprising
that strong directional dichroism has particularly been reported in studies on
multiferroics, where it was found for frequencies ranging from the GHz up to the
visible range [20,21,23-32].

In compounds with coexisting crossed polarization and magnetization, directional
dichroism can emerge for light propagating parallel or antiparallel to P x M [29,33—
35]. Thus, the product k- (P x M) is a measure of the magnetoelectric directional
anisotropy [27,36]. It will be shown, that in this case directional dichroism occurs
for both electric and magnetic dipole active excitations due to off-diagonal time-
reversal odd components of the magnetoelectric susceptibility tensor [30,37,38].
The cross product P x M is closely related to the toroidal moment |8, 35|, which
can be defined as T = %ZZ r; x S; [39,40], where 7; is the position of spin S;. T
and P x M have the same symmetry [17] and, although not strictly following
the definition, the toroidal moment is often referred to T'= P x M [21,35,39], as
it will also be done in the following.
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Figure 2.2.: Schematic illustration of the k - (P x M) directional anisotropy. In
presence of a toroidal moment T' = P x M parallel to the propagation direction
the +k and —k configurations are not equivalent, as they are not connected by
symmetry operations.

The situation of crossed polarization and magnetization and a light beam
propagating either parallel or antiparallel to P x M is schematically illustrated
in Fig. 2.2. The +k and —k configurations are not equivalent, as they are not
connected by any symmetry of the material: There is no symmetry operation, which
reverses k, but at the same time leaves T intact. Both time and spatial inversion
reverse the sign of k. While time reversal changes the sign of M, but leaves P
intact, spatial inversion reverses P, but leaves M intact. Consequently, both time
and spatial inversion operation change the sign of both T'= P x M and k. From
this it directly follows that a necessary condition of directional dichroism is the
simultaneous breaking of the time reversal and the spatial inversion.

For the occurrence of such nonreciprocal light propagation the symmetry, in
particular the magnetic point group, plays a crucial role [41]. The case of perpen-
dicular polarization and magnetization is described by the magnetic point group
symmetry 2'm’m. More precisely, when assuming the magnetization pointing along
the x-axis and the polarization pointing along the z-axis, the magnetic point group
is 2/m/, m,.. Here we assume that the crystal structure does not further reduce
the symmetry, i. e. in the absence of P and M the crystal symmetry is 2,m,,m,,1’
or higher. It will be shown in section 2.4 that this symmetry can be realized
in the antiferromagnetically ordered phases of the transition metal molybdenum
oxides M>Mo30g by applying a magnetic field perpendicular to their polar six-fold
rotational axis.

For a given symmetry the form of the optical property tensors can be derived
from Neumann’s principle, which states that any physical property must be
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invariant under the symmetry operations of the crystal [42]. For the magnetic
point group 2/m/_m,. the optical property tensors have the following form:

€& 0 0 oz O 0
=10 ¢, e =10y,
0 _Eg/;lz szz 0 _:u/y,z :U’,zz
(2.15)
o=l 00 0] = 00 0
Xeo 00 Xezw 00

Now the directional dichroism can be quantitatively described by solving the
Maxwell equations for a light beam propagating along the y-direction. The Fourier
transformed Maxwell equations can be written as

—wD¥ =k x H”,

(2.16)
wB® =k x E,

where D* and B® are given by Eqgs. 2.5. Furthermore the refractive index n is
introduced as

ke k
w Wy/€olto ’
where ¢ is the speed of light in vacuum. Solving the Maxwell equations 2.16 for k || y

yields four different solutions for the refractive index. For both orthogonal linear
polarizations there are two solutions corresponding to +k and —k propagation

n (2.17)

direction:
e ¢ —1—6”2 X//Q e
+k 2z z T z
nik — \/ vy . y ( il ‘f‘,ulxa:) + (X;Z—X;{yeli) (2.18)
vy vy vy
RV €ty T X (2.19)
n;l:zk _ \/:U’yyﬂ / Hoy (X?/; + Efm) == (X/w +ngMTy) (2‘20)
H,yy Myy ’uyy
SNCRTRESN (2.21)
Here ntk are the solutions for polarization E* || z / H* ||  and nE* are the

solutions for polarization E* || x / H* || z. From the approximate solutions 2.19
and 2.21 it becomes apparent that the directional dichroism is caused by the
time-reversal odd off-diagonal components of the magnetoelectric susceptibility

10
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Figure 2.3.: Schematical illustration of the directional dichroism. Left: For propa-
gation direction +k the contributions induced by x*™ and x™¢ are parallel to those
from € and /i, resulting in an enhancement of the amplitude of the electromagnetic
wave. Right: For propagation direction —k the contributions induced by y*™ and
x™¢ are antiparallel to those from € and ji, resulting in a reduction of the amplitude
of the electromagnetic wave.

tensors. It is convenient to consider the difference of the absorption coefficients A«
of two counter-propagating beams [21]

Aa;; = oz;;k — ai_jk = %%{n;;k — n;k} ~ %%{X;z} (2.22)

A schematical illustration of the directional dichroism is shown in Fig. 2.3.
Both in the +k and the —k configuration, contributions to the polarization and
magnetization arise from E* and H* via the diagonal elements of ¢ and fi. Fur-
thermore, an additional contribution to the polarization emerges from H® via the
off-diagonal elements of x“™, and an additional contribution to the magnetization
emerges from E“ via the off-diagonal elements of y™°¢. Without loss of generality
it can be assumed that these additional contributions interfere constructively
with the contributions from € and ji in the +k configuration. Reversal of the
propagation direction changes the relative sign of E“ and H* and consequently
the contributions induced by x“" and x™¢ are now antiparallel to those induced
by € and fi. This results in a reduction of the amplitude of the electromagnetic
wave in the —k configuration and, thus, in different absorption strengths for the
counter-propagating beams.

When following the discussion of Fig. 2.2, it becomes apparent that the reversal
of k is equivalent to reversing the toroidal moment T' = P x M by either changing
the sign of P or M. In the course of this work all three possibilities of switching
the sign of k- (P x M), thus, realizing directional dichroism have been investigated
experimentally.

11
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2.4. Transition metal Mo oxides M>Mo30g

The transition metal Mo oxides M;MozOg (M = Mn, Fe, Co, Zn) are type I
multiferroics, which exhibit a variety of magnetoelectric effects. In the course of this
work optical spectroscopy studies have been performed on CosMo3Og and FeaMozOg
as well as on 7% Zn substituted Fe;Mo3zOg, namely Fe; gsZng14Mo30g. In the
following part an introduction to the structural, magnetic and polar properties of
these compounds and an overview of the occurring magnetoelectric effects will be
given.

The transition metal Mo oxides crystallize in a hexagonal structure with the
noncentrosymmetric polar space group P6zmc [43-49]. The unit cell of the crystal-
lographic structure of M;MozOg is shown in Fig. 2.4 (a). It consists of alternating
layers of M?** and Mo*t ions, which are stacked along the c-axis. The mag-
netic M?* ions are located both in octahedral and tetrahedral oxygen coordination.
The corner-sharing M Og octahedra and MO, tetrahedra form honeycomb-like lay-
ers in the ab-plane |7], as shown in Fig. 2.4 (b). The polar nature of the M>Mo30g
compounds is reflected in the polar arrangement of the MO, tetrahedra, which are
all pointing in the same direction along the c-axis. This results in a ferroelectric
polarization parallel to the c-axis [7,50,51]. The Mo** ions are found in octahedral
oxygen coordination and form Kagome-like layers in the ab-plane [7] as illustrated
in Fig. 2.4 (e).

In the M>MosOg compounds the M?* jons are responsible for the magnetism.
The Mo** ions are arranged in triangular groups as MosO;3 clusters, which form
spin-singlet trimers [44,52], as highlighted in Fig. 2.4 (¢). Consequently, the Mo3O13
clusters are diamagnetic, but otherwise they do not contribute to the magnetism.
Upon cooling the polar MsMo3Og compounds undergo magnetic ordering in the
temperature range between 40 and 60 K and, thus, become multiferroic. For the
studied compounds either antiferromagnetic or ferrimagnetic ordering is realized.

The antiferromagnetic spin arrangement is illustrated by the arrows in Fig. 2.4 (c).
Both the spins on the tetrahedral and the octahedral M?* sites are aligned along
the c-axis, forming a four-sublattice easy-axis antiferromagnetic structure. Within
one layer the spins at tetrahedral and octahedral sites order antiferromagnetically.
In neighboring layers both the tetrahedral and the octahedral spins are arranged
in an antiferromagnetic manner. As it is recognizable from Fig. 2.4 (c), the
magnetic moments at the tetrahedral and the octahedral sites are not equivalent,
which results in a net ferrimagnetic magnetization of each single layer. The
antiferromagnetic arrangement of neighboring layers leads to an overall cancellation
of the magnetization in the antiferromagnetic state.

In FesMo3Og the magnetic moment of the octahedral sites is larger than that
of the tetrahedral sites and their values clearly exceed the spin-only value of 4 ug
due sizeable orbital contribution. For the moments at octahedral and tetrahedral
sites values of 4.85 up and 4.21 up have been found, respectively [44]. In contrast,

12
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Figure 2.4.: (a) Unit cell of My;Mo3Og. The M?* ions are located in octahe-
dral (green) and tetrahedral (blue) oxigen coordination. (b) View of a M?"
layer along the c-axis. (¢) Schematical illustration of the antiferromagnetic and
(d) ferrimagnetic spin arrangement. (e) View of a Mo layer along the c-axis with
highlighted Mo trimers.

in CooMo30Og the refined moment of the tetrahedral site is larger and the values
for the tetrahedral and octahedral site of 3.44 up and 3.35 ugp, respectively, are
closer to each other [51].

The spin arrangement of the ferrimagnetic order is illustrated in Fig. 2.4 (d).
In the ferrimagnetic structure the spins are also aligned along the polar axis.
Within the ab-plane the spins at the tetrahedral and octahedral sited are again
ordered antiferromagnetically. The ferrimagnetic structure can be obtained from
the antiferromagnetic structure by flipping the spins in every second M?* layer.
The single layers are arranged in a ferromagnetic manner, which results in a
ferrimagnetic net magnetization.

The ferrimagnetic state is realized in MnsMo3Og, which undergoes magnetic
ordering below T, = 41 K [45,48,53|. Due to the weak spin anisotropy of Mn?*
a spin-flop state can be realized in Mny;Mo3Og in relatively low magnetic fields
H || ¢ [53].

In contrast, antiferromagnetic ordering is realized in CoaMo3Og and Fe;Mo3Og.
For CoaMo3Og the ordering takes place at Ty = 40K [45,48,49,51], a ordering
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temperature of Ty = 60 K [7,45,48,50| has been found in Fe;Mo3zOg. In FeaMozOg
besides the antiferromagnetic order also a ferrimagnetic state can be realized. The
ferrimagnetic state can be established in FesMo3sOg by applying a magnetic field
along the c-axis [7] and can be stabilized by isovalent substitution of Fe** by non-
magnetic Zn?" [45,50]. It has been shown by Méssbauer spectroscopy that the Zn**
ions preferably occupy the tetrahedral sites [44]. According to GGA+U calculations
this selectivity is ascribed to the different ionic radii of Fe** and Zn?* [54].

The effect of the Zn doping is illustrated by the magnetic field - temperature
phase diagrams of FesMo3Og and Feq ggZng14Mo30g, which are shown in Fig. 2.5.
For pure Fe;Mo3zOg the antiferromagnetic state is realized below Ty = 60K
when cooling down in low magnetic fields. Dependent on the temperature the
ferrimagnetic order is established above a critical magnetic field H. || c¢. At Ty
the critical field is approximately 4 T and continuously increases with decreasing
temperature. In pure Fe;Mo3zOg the transition from the antiferromagnetic to the

ferrimagnetic state is reversible without hysteresis when going back to low magnetic
fields.

In Fejg6Zng14Mo30s, shown in Fig. 2.5(b), Ty is slightly reduced to 54K
and the ferrimagnetic phase is clearly stabilized. The antiferromagnetic state
is only realized when cooling down in very low magnetic fields < 0.1T. The
critical field again increases continuously with decreasing temperature, however,
the field values are considerably lower than in pure Fe;MosOg. In contrast to
FesMo3Og, in Feq ggZng 14Mo3Og the switching to the metastable ferrimagnetic state
is irreversible. The ferrimagnetic state is preserved when removing the magnetic
field, which is resulting in a hysteretic region as illustrated by the hatched area in
the phase diagram. Studies on FesMozOg with different Zn doping concentrations
confirm that the phase diagram is very sensitive to the Zn content and that the
ferrimagnetic state is easily stabilized by slight Zn doping [50]. These findings
suggest that in Fe;Mo3Og the antiferromagnetic and the ferrimagnetic order are
close in energy. This is also in line with the exchange couplings derived for
FeoMo3Og and Feq ggZng 14Mo3Og. The magnetic exchange coupling within the ab-
plane is the strongest, whereas the inter-layer exchange couplings are weaker [54,55]
as the Fe?* layers are separated by the Mo layers. Therefore, the ferrimagnetic
moments of the single layers can be aligned by relatively low magnetic fields.

Interestingly, the metamagnetic transition from the antiferromagnetic to the
ferrimagnetic state in Feq ggZng14Mo30g happens via a two-step magnetization
process, as illustrated by the two critical fields H.; and H., in Fig. 2.5 (b). Similar
findings have already been reported on 12.5% and 25 % Zn doped samples and
have been ascribed to several competing magnetic phases [56]. Based on our
magnon spectroscopy studies on Feq ggZng14Mo30g we conclude a coexistence of
the antiferromagnetic and the ferrimagnetic phases for H,y < H < Hey [57] (see
section 4.2.2).
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2.4. Transition metal Mo oxides MyMo3;Og
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Figure 2.5.: H-T phase diagrams of (a) FeaMo3Og and (b) Fe; g6Zng 14Mo30g, with
the magnetic field H || ¢. The hatched area corresponds to a hysteretic region. PM,
AF and FM denote the paramagnetic, antiferromagnetic and ferrimagnetic phases,
respectively. Data of Fe;MozOg are taken from Ref. [50], data of Fe; ggZng 14Mo30g
were obtained from magnetization and specific heat measurements on our own
samples.

For Co;Mo30g the situation is slightly different. In contrast to FesMozOg the
antiferromagnetically ordered phase is more stable in CosMo3Og [51]. So far no
additional magnetic phase was reported in literature. However, preliminary high-
field magnetization measurements with magnetic field applied along the c-axis
revealed a metamagnetic phase transition around 30T [58].

As already mentioned, the polarity of the M;Mo3zOg compounds originates from
the crystal structure and a small ferroelectric polarization along the c-direction can
already be observed for temperatures above Ty. Besides, a considerable increase
of the polarization is observed when entering the magnetically ordered phases,
which indicates a sizeable magnetically induced ferroelectric contribution to the
polarization [7,50,51,53]. Studies on pure and Zn doped FesMo3zOg revealed
a different ferroelectric polarization for the antiferromagnetic and ferrimagnetic
phase [7,50].
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Among different mechanisms for spin-induced ferroelectricity, exchange striction
has been identified as the main mechanism behind the magnetically induced
polarization [7,51]. Via this mechanism ions are shifted to gain exchange energy by
optimization of the symmetric spin interaction S; - S; [5]. This ionic shifts result
in the ferroelectric polarization P;; < R;;(S;-S;), with R;; being the direction of
the magnetostriction. Despite the displacement of the ions at Ty, the space group
symmetry P6smc is preserved both in CooMozOg [51] and FesMozOg [59], although
for the latter compound symmetry lowering had been suggested previously [60], as
will be discussed in section 5.1.

In addition to exchange striction also the d-p hybridization mechanism is relevant
for the ferroelectric polarization in the MyMo3Og compounds. It describes the
spin-direction dependent hybridization of a magnetic ion d orbital with a ligand p
orbital resulting in a polarization P;; « (S; - eij)Qeij along the direction of the
unit vector e;; connecting the ion and ligand site [61]. Due to the squared term,
the polarization does not depend on the sign of S; and, thus, not on the direction
of the spins relative to the c-axis. Therefore, the d-p hybridization mechanism
should equally contribute to the polarization in the antiferromagnetic and the
ferrimagnetic state [50], as in either case the spins are expected to point either
along the positive or negative c-direction.

Besides, also a contribution from inverse Dzyaloshinskii-Moriya interaction to
the polarization in FeoMo3zOg was discussed [62]. This antisymmetric exchange
interaction can lead to a displacement of the ligand atom as a consequence of
an acentric spin structure [5]. If e;; is the unit vector connecting the spins,
the polarization induced by inverse Dzyaloshinskii-Moriya interaction is given
by P;; < e; x (S; x S;) [61]. However, to be applicable for the M>Mo3Og
compounds this would require mutually canted spins and therefore would imply a
deviation from the proposed collinear magnetic structure.

In the M;Mo30g compounds a variety of magnetoelectric effects can be observed.
The presence or absence of certain effects in the different phases can be understood
by means of the respective magnetic point group symmetry and the resulting
magnetoelectric tensors. With the z-axis being the polar axis (a,b, ¢ = z,y, 2), in
the paramagnetic state the magnetic point group is 6,m,,m,.. When entering the
antiferromagnetic phase, due to the ordering of the spins the time reversal (') has to
be considered in the symmetry and the magnetic point group reads 6,m/, m,. [50].
From this the optical property tensors are obtained by Neumann’s principle. Both
for the paramagnetic and the antiferromagnetic phase this results in the following
form of x™¢ and x°®™:

0 xp O
Xme — Xem — —ng 0 0 (223)
0 0 0
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As shown in section 2.2, the time reversal even components X, vanish in the zero
frequency limit. Therefore, the antiferromagnetic phase does not allow the static
linear magnetoelectric effect in magnetic fields H || ¢. However, this symmetry
still enables the second order magnetoelectric effect. Indeed, considerable second
order magnetoelectric effect has been reported in the antiferromagnetic phase of
CoaMo30g [51].

In the ferrimagnetic phase the magnetic point group is 6.m/}, m; . [50,53,63].
This yields the following magnetoelectric tensors:

Xox Xay O
0 0 XL,

Thus, this symmetry allows the linear magnetoelectric effect. Large linear magne-
toelectric effects have been observed in the ferrimagnetic phases of MnsMozOg [53],
FeasMo3Og and Zn doped FeaMosOg [50]. Furthermore, in FesMozOg, which hosts
several magneto-optical spin excitations [64], non-reciprocal gyrotropic birefrin-
gence was reported in the ferrimagnetic phase [63]. This phenomenon occurs
via the dynamical magnetoelectric effect due to the diagonal components of x
and causes a rotation of the polarization of the electromagnetic wave around its
propagation direction.

In the course of this work nonreciprocal directional dichroism in CosMo30g
and Fe;MozOg has been studied intensively. This effect could be realized in the
antiferromagnetically ordered phase by applying a magnetic field perpendicular
to the c-axis. A magnetic field H L ¢ causes a canting of the spins away from
the c-axis and, thus, induces a magnetization parallel to the applied field. As a
consequence, crossed polarization and magnetization are present in the sample and
the magnetic point group symmetry is reduced to 2'm’m. This is equivalent to the
case described in section 2.3 with the optical property tensors given by Eq. 2.15. In
literature so far directional dichroism on the M;Mo3Og compounds has only been
reported in FeZnMo3Og [31]. In this case, a giant effect was already found in the
paramagnetic phase, which is in contrast to previous observations of directional
dichroism in magnetoelectrics.

Besides the magnon spectra and the directional dichroism, the phonon modes and
the d-d transitions of Fe;Mo3Og and their coupling to orbital degrees of freedom
were studied in detail within the scope of this work.

2.5. Lacunar spinels AM4Xg

The lacunar spinels are the second class of type I multiferroic compounds studied in
the course of this work. By infrared spectroscopy over a large series of compounds
the systematics of phonons and electronic excitations have been investigated. In
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the following, an introduction to the lacunar spinels, their structure and phase
transitions as well as an overview on theoretical studies will be given.

The compounds of the lacunar spinel family have the chemical formula AM,Xg,
with A = Ga, Ge, Al; M = V, Mo, Nb, Ta; and X = S, Se [65-68]. Interestingly,
these compounds can accommodate many different elements, especially transition
metal ions from 3d to 5d, while always adopting the same structure. The term "la-
cunar spinel" refers to the lack of every second A site atom compared to the normal
spinels. Their structure can be derived from the normal spinel structure AM,X, by
removing every second A atom in a regular manner. In the normal spinel structure
the M sublattice consists of corner-sharing tetrahedra forming the so-called py-
rochlore lattice. Due to the vacancy of every second A site the M atoms are shifted
along their (111) axes resulting in a network of alternating smaller and larger M,
tetrahedra [69,70], which is also known as the breathing pyrochlore lattice. This
is illustrated in Fig. 2.6 (c), where the red arrows indicate the shifts of the M
sites with respect to their positions in an ideal pyrochlore lattice. This breathing
pyrochlore lattice may be interpreted as cubic lattice of electric monopoles and
antimonopoles, associated with the larger and smaller tetrahedra, respectively. The
ordering of the vacancies results in the cubic noncentrosymmetric lacunar spinel
crystal structure with space group F43m, which is shown in Fig. 2.6 (a) and (b).
It consists of only weakly linked AX, tetrahedral and M,;X, cubane molecular
clusters [65,67,71], which are arranged in a NaCl manner.

The separated cubane M,;X, units are characteristic to the lacunar spinels. As
illustrated in Fig. 2.6 (d), they contain tetrahedral M, clusters, which are the
magnetic building blocks of the lacunar spinels. Due to the larger intercluster
distances (e.g. V-V distance of 3.936 A in GaV,Ss [68]) the electronic overlap
between the clusters can be neglected in first approximation [72]. The smaller
intracluster distances (e.g. V-V distance of 2.896 A in GaV,Sg [68]) lead to the
fact that the M, clusters constitute a unique molecular electron distribution with
well defined local spin and can be described by a molecular orbital scheme |68, 73].
This cluster orbital scheme consists of six bonding orbitals, which are split into
one ai, two e and three ty levels in cubic T, crystal symmetry, as illustrated
in Fig. 2.7. Depending on the compound, these cluster orbitals are filled with
either seven (GaV,Ss, AlV4Ss, GaV,Ses, GaNbySg, GaTaySeg), eight (GeV,Ss)
or eleven (GaMoySg, AlMo,Ss, GaMo,Seg) valence electrons. In each case the
highest occupied t, cluster orbital is only partially filled and, thus, remains triply
degenerate. Therefore, within the crystal-field scheme, the studied lacunar spinels
are Jahn-Teller active. Depending on the compound, the orbital degeneracy is
lifted by a symmetry-lowering structural Jahn-Teller distortion in the temperature
range between 30 and 55 K.

In the systems where the cluster orbitals are occupied with seven electrons
the M, tetrahedra get elongated along one of the threefold axes below the structural
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2.5. Lacunar spinels AM,Xg

Figure 2.6.: (a) Crystal structure of the lacunar spinels AM,;Xg in the high-
temperature cubic phase (space group F43m). Tetrahedral AX, and cubane
M, X, clusters are arranged in a NaCl manner. (b) View of the crystallographic
structure along the [100] direction, (c) Breathing pyrochlore lattice formed by
the M sublattice [169]. The M sites are shifted with respect to the positions in
an ideal pyrochlore lattice, as indicated by the red arrows. (d) Cubane M;X,
cluster. The tetrahedral M, cluster, being the magnetic building block of the
lacunar spinels, is highlighted.

transition temperature T}, as shown in Fig. 2.6. In GaV,Sg, AIV4Sg and GaV  Seg
this distortion is rhombohedral and reduces the symmetry of the tetrahedron to Cj,,.
As a consequence, the to orbital is split into a lower a; level and two upper e levels,
the orbital degeneracy is lifted and the single unpaired electron is stabilized in
the ay level [68,74]. In GaV,Sg, AlV,4Sg and GaV,Seg for all tetrahedra in the unit
cell this distortion takes place along the same cubic body diagonal, resulting in the
rhombohedral space group symmetry R3m [68,75-77|. Typically, a multidomain
structure is formed below Tyr [69].

Similarly, in GaNbySg, GaNb,Seg and GaTa,Seg the elongation of the individual
tetrahedra is nearly rhombohedral. However, in this case the unit cell becomes
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Figure 2.7.: Left: Cluster molecular orbital schemes of the studied lacunar spinels
in the cubic T; symmetry. Right: The Jahn-Teller distortion lifts the degeneracy
of the t, orbital. The red arrows indicate the the main motif of the distortion of
the M, tetrahedron. As described in the text, in the case of GaNb,Sg, GaTasSeg
and GaNb,Seg despite of the tetragonal lattice symmetry, the distortion of the
individual tetrahedra in the low-temperature phase is nearly rhombohedral, but
the unit cell becomes four times larger, including four tetrahedra with four different
directions of distortion.

four times larger, including four tetrahedral clusters distorting along four different
cubic body diagonals [78-80]. For GaNb4Sg a tetragonal low-temperature structure
with space group P42;m has been reported in literature so far [78], however, a
recent study suggests that the actual symmetry might be even lower [81]. For
GaTaySeg, where previously also a tetragonal P42;m structure was claimed [79],
a recent study reports that the low-temperature structure is well described by
tetragonal space group P4m2 [80]. In the case of GaNb,Seg recently the structure
has been reported to first change to cubic P2;3 and then to be further reduced
to P21212; below the magnetic transition [80)].
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2.5. Lacunar spinels AM,Xg

For the compounds where the cluster molecular orbitals are filled with eleven
electrons the situation is very similar to the filling with seven electrons. Instead
of one unpaired electron, the ¢, orbital is now occupied by seven electrons or, in
other words, by one hole. The occupation is quasi opposite and therefore also the
rhombohedral distortion below Ty [68]. The M, tetrahedra get compressed along
one of the cubic body diagonals and the symmetry of the M, tetrahedra is again
lowered to C'3,. The orbital degeneracy is lifted by splitting the ¢, orbital into two
lower e levels and one upper a; level. For GaMo,Sg, AIMo,Sg and GaMo,Seg all
tetrahedra within the unit cell distort long the same direction, which results in the
rhombohedral space group symmetry R3m [68,82,83].

In the case of GeV,Sg, the cluster orbitals are occupied by eight electrons,
with two unpaired electrons being on the ¢y levels, as shown in the lower part
of Fig. 2.7. The degeneracy of the ¢, levels is lifted by a distortion of the M,
tetrahedra with one V-V distance being reduced and the opposing V-V distance
being elongated 75,84, 85]. This reduces the symmetry of the cluster to Cy,. By
the distortion the t, levels get split into two lower levels a; and as filled with one
unpaired electron each and one empty upper by level, and also the e levels are
split in a a; and by level [75]. The resulting space group of GeV,Sg below Tyr is
orthorhombic Imm?2.

From dielectric spectroscopy measurements the cubic-to-rhombohedral structural
phase transition in GaV,Sg, GaV,Seg and GaMo,Sg has been characterized as
disorder-to-order type transition [86-88], which implies that a dynamic Jahn-Teller
distortion is already present for temperatures well above Tjr. The scenario of
a dynamical Jahn-Teller distortion has also been discussed in connection with

GGV4SB [89] .

All of the studied lacunar spinels also undergo magnetic ordering, which usually
happens at temperatures T lower than Tjp. Only for GaNb,Sg and GaTa,Sesg,
which adopt a tetragonal low-temperature phase, the structural and magnetic
transitions occur concomitantly. For these two compounds a spin singlet state
has been proposed [90-92|. The structural phase transition temperatures Ty, the
low-temperature structure, the magnetic phase transition temperature 7 and the
types of magnetic ordering of the studied compounds are summarized in Tab. 2.1.
Complex low-temperature magnetic phase diagrams have been found in GaV,Sg,
GaV,Seg and GaMoySg, which are hosting cycloidal order and a Néel-type skyrmion
lattice [69,93-96].

The highly correlated lacunar spinels have drawn high experimental and theo-
retical research interest due to the large variety of physical phenomena they are
hosting. Pressure-induced superconductivity [74,103,104|, bandwidth-controlled
metal-to-insulator transitions [105, 106], resistive switching [107-109], large nega-
tive magnetoresistance [110], a two-dimensional topological insulating state [111],
orbital order induced ferroelectricity and strong magnetoelectric effects [85] have
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Table 2.1.: Summary of the structural transition temperature Tjp, low-
temperature structure, magnetic phase transition temperature T¢ and the types of
magnetic order realized in the respective lacunar spinel compound. fm, afm, cyc
and SkL denote ferromagnetic, antiferromagnetic, cycloidal and skyrmion lattice
phases, respectively.

Tyr (K) low T struct. 7¢ (K) magnetic order Literature

GaV,Sg 44 R3m 13 cyc, SkL, fm [69,97]
GV ,Ss 30 Imm2 15 afm (67, 75,84, 98]
GaMo,Ss 45 R3m 20 cyc, SKL, fm  [82,94,99,100]
GaNb,Sg 32 P42,m 32 spin singlet [78,90,91]
AIV,Sq 40 R3m 10 fm 77]
AlMo,Sg 45 R3m 12 fm 183, 101]
GaV,Seg 41 R3m 18 cyc, SkL, fm [76,93]
GaMoySeg 54 R3m 25 fm [83,99,100,102]
GaTasSeg 53 P4m2 53 spin singlet [79,80,92]

been found. For example in GaV,Sg and GaV Seg besides the ferroelectric polar-
ization emerging at the Jahn-Teller transition, excess polarization in the cycloidal
and Skyrmion lattice phases has been observed experimentally [87,112].

From the theory side, however, reproducing the electronic structure is still a
challenge, especially for the high-temperature cubic state. From a simple electron
counting for the lacunar spinels a metallic behavior would be expected due to
the fractional occupation of the MyX, cluster orbitals [113,114]. However, most
lacunar spinel compounds have been found to be semiconductors. This illustrates
the importance of electron-electron correlations [113]. As a consequence of their
semiconducting nature and due to the My cluster formation the lacunar spinels have
been classified as Mott insulators [68,75,114], with the on-site Coulomb repulsion U
preventing the hopping of the electrons between the clusters [67]. Indeed, the
electrical conductivity of GaV,Sg can be described by the Mott variable-range
hopping mechanism [115] at low temperatures, while above Tjr thermal activated
behavior was found [97].

In lacunar spinels typically band gaps in the range of 0.2 - 0.4 €V are found [107].
However, it has been shown by various theoretical studies that standard density
functional theory (DFT) is not capable of opening the experimentally observed
band gap in the cubic F43m phase [67,74,89,113,114,116-118]. Only by imposing
a symmetry lower than cubic these standard DFT-+U calculations are able to open
a band gap at Ep [74,75,78,89,117|. Calculations for the rhombohedral R3m low-
temperature structure with usual values of U ~ 2 - 3eV are able to reproduce the

22



2.5. Lacunar spinels AM,Xg

band gap in lacunar spinels, e.g. in GaV,Sg [75,117]. From LDA+U calculations a
rather large U = 6 eV has been reported for GaNb,Sg [74]. Although not applicable
for the cubic state, these studies demonstrate the impact of lattice distortions on
the electronic structure of the lacunar spinels. This is further confirmed by DFT
studies of the rhombohedral R3m phases of GaV4Sg, GaMo4Sg and GaMo,Seg,
where a band gap could be opened alone by structural distortions even in the
absence of Coulomb interactions U [117,119].

While standard DFT methods fail to predict the semiconducting state in the cubic
phase and instead result in a metallic state, a recent theoretical study on GaV,Sg
utilizing molecular orbital cluster dynamical mean field theory (cluster DMFT)
could reproduce the observed band gap [114]. This investigation suggests that
the molecular orbital approach is substantial for the description of the electronic
structure of lacunar spinels in the cubic phase. Similarly, by DMFT with U = 1.2¢eV
the band gap as well as the insulator to metal transition could be reproduced
in GaTaySeg [106]. Moreover, in a study comparing the performance of different
exchange-correlation potentials a gap could be opened in GaV,Sg, GaMo,Ss,
GaNbySeg and GaTaySeg when using the Perdew-Burke-Ernzerhof (PBE) functional
and taking into account both spin-orbit coupling and on-site Coulomb interaction

of U =2-3¢V [117].

As already mentioned, the structural distortions of the clusters, which occur due
to the Jahn-Teller effect, play an important role for the modeling of the electronic
structure of the lacunar spinels. Besides, the cluster orbitals are influenced by
spin-orbit coupling and therefore also the electronic structure, as the hopping of the
electrons from cluster to cluster strongly depends on the form of the cluster orbitals.
In addition, the electronic structure is also affected by the magnetic ground state.
This is best illustrated in the case of GaNb4Sg, where the formation of a spin
singlet state occurs concomitantly with the structural phase transition from the
cubic to the tetragonal phase [78,91]. The large number of different magnetic
ground states found in lacunar spinels, such as ferromagnetic, antiferromagnetic,
cycloidal, Néel-type skyrmion lattice and spin singlet states [69,90-94,120,121] also
indicates a delicate balance of competing magnetic interactions and their strong
dependence on the electronic structure, which makes the theoretical modeling of
the band structure a great challenge.

Broadband infrared spectroscopy measurements on a wide series of lacunar spinels
have been performed in the course of this work. The compounds GaV,Sg, GeV,Ssg,
GaMo,Sg, GaNb,Sg, AIV,Sg, AlMo,Sg, GaVSeg, GaMo,Seg and GaTa,Seg have
been studied. The broadband optical conductivity provides an insight into the
electronic structure of these compounds and may give an experimental basis for
future theoretical studies. Besides tracing substitutional effects on the size of the
band gap, the systematic replacement of the ions at the A, M and the ligand
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sites allows an assignment of the infrared-active phonon modes to the individual
structural units of the lacunar spinels.
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In the following chapter the experimental techniques and methods of optical
spectroscopy used in this work will be explained. By means of Terahertz time
domain and Fourier-transform spectroscopy a broad frequency range from 0.1
to 600 THz could be covered. The working principle of these two spectroscopic
techniques will be introduced and the determination of material parameters from
the experimental data will be elaborated. Furthermore, an overview of the sample
preparation is given.

3.1. Terahertz time-domain spectroscopy

In optical spectroscopy THz radiation typically refers to the frequency range from
approximately 0.1—-10THz, which is located in the gap between the range of
classical dielectric and FIR spectroscopy [122,123]. For a long time this frequency
region, also known as the “THz gap” [124], was merely difficult to access, for example
by backward-wave oscillators (BWOs) [125-127|. However, progress on the field of
ultrafast pulsed lasers opened a new possibility for the generation and detection
of THz radiation [128| based on photoconductive switching [129-132], which led
to the development of terahertz time-domain spectroscopy (THz-TDS). Today,
besides fundamental research, THz spectroscopy has a wide field of applications,
e.g. in biological and pharmaceutical industry, imaging or security checks [133,134].
In solid state physics THz-TDS can be used for the investigation of low-energy
excitations, like soft modes of ferroelectrics, energy gap and quasiparticle excitations
in superconductors, relaxational modes or, as done in the course of this work,
phonon and magnon modes in highly correlated materials [135].

The experimental setup of a terahertz time-domain spectrometer is schematically
illustrated in Fig. 3.1. The Toptica TeraFlash spectrometer used for the experiment
contains an Er-Laser with a wave length of 1560 nm, which generates ultrashort
laser pulses with a pulse length of 80fs at a repetition rate of 100 MHz. By a
beamsplitter the laser beam is split in two parts. The first part of the beam is
directed to the THz emitter and is used for the generation of the THz radiation. It
is focussed on the gap between the metallic contacts of the dipole antenna, which is
evaporated on a semiconducting InGaAs substrate. With its photon energy being
larger than the bandgap of the semiconducting substrate, the laser pulse creates
electron-hole pairs in the material. Due to a bias voltage applied to the antenna
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Figure 3.1.: Schematic illustration of the TeraFlash THz time-domain spectrome-
ter, which is coupled to a 7T superconducting magnet. The THz optics is placed
inside a box purged with nitrogen to avoid unwanted absorption from water vapor.

the charge carriers are separated, resulting in a short current flow. According to
the principle of the Hertzian dipole antenna, this pulsed photocurrent Ipc results
in the emission of THz radiation. The electric field of the THz pulse is proportional
to the time derivative of Ipc [128,136,137].

dlpc(t)
E(t) x ———— 3.1
(1) o SEC (31)
By off-axis parabolic mirrors the pulsed THz radiation generated by the emitter
is focussed on the sample and the transmitted THz pulse is then focussed on the

detector.

The working principle of the THz detection is very similar to that of the THz
generation. The second part of the split laser beam is focussed on the detector. The
laser pulse creates charge carriers in the semiconducting substrate and activates
the detector. In contrast to the emitter, there is no voltage applied to the detector.
Instead, the electric field of the incoming THz pulse separates the charge carriers
and the resulting electrical current is measured. This current is proportional to
the electric field. Since the detector is only active during the short fs laser pulse,
the time dependence E(t) of the electric field of the THz pulse can be measured
by moving the delay stage, which allows to change the optical path length of the
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second laser beam and, thus, the time delay between generation and detection of
the THz radiation.

From the time dependent E(t) the frequency dependent electric field F(w) can
be calculated by Fourier transformation [137]:

E(w) = |E(w)[e”) e E(t) (3.2)

-7

where w = 27v denotes the angular frequency. For discrete measurement data
instead a discrete Fourier transformation is used. As it is clear from Eq. 3.2, E(w)
is complex and also contains the phase ¢(w). The phase sensitivity results from the
measurement of F/(t) and is a great advantage over other techniques, such as Fourier-
transform infrared spectroscopy (see section 3.2), which only measure intensity | E|?
and, thus, are not capable of obtaining the phase information. As a consequence,
the complex refractive index n(w) can be directly calculated from THz-TDS
measurements without the need of Kramers-Kronig transformation [135,137,138].

In the THz transmission experiments the time-domain signals of the sam-
ple Egm(t) and a empty reference aperture E,.¢(t) are measured and the frequency
dependent complex spectra Fg,,(w) and Fief(w) are obtained by Fourier transfor-
mation. From this the complex transmission coefficient ¢(w) is calculated according
to [139,140]

Esam(w)
Eref (U))

where A¢(w) = Pgam(w) — ¢rer(w) denotes the phase shift between sample and
reference. The power transmission T'(w) is directly related to ¢(w) and given by

T(w) = [t(W)|* = | Esam (W) [*/| Eves (w)[*.

The complex refractive index n(w) = n(w) + ik(w) can be directly calculated
from the complex transmission coefficient. To relate ¢(w) with n(w) for a plane
parallel sample of thickness d at normal incidence, the following contributions
have to be taken into account: (i) The propagation of the THz beam within the
sample, (ii) transmission through the sample interfaces and (iii) contributions from
the Fabry-Pérot effect. Dependent on the sample thickness and transparency the
latter can occur due to the interference of multiple reflected beams within the

tw) = = [t(w)]e" >, (3-3)

sample, leading to a periodic pattern in the measured spectrum. Considering these
contributions and assuming that the sample is placed within a medium with n = 1,
the complex transmission can be written as [122,139, 141]

R C) exp (—i(f(w) — 1)2d)
SRS (1 exp (—2ifi(w)2d) (34)
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3. Experimental techniques

A detailed derivation of Eq. 3.4 can be found in [139]. As this complex equation
cannot be solved analytically, a numerical approach is followed. At first, starting
values for n(w) and k(w) are estimated from the experimental ¢(w). To obtain
the actual 7(w), these starting values are iteratively modified until the calculated
transmission matches the measured transmission data.

The complex refractive index is generally defined as n(w) = y/e(w)p(w) [142].
For known 7(w), for nonmagnetic materials with magnetic permeability pu(w) =1
the complex dielectric permittivity e(w) = €;(w) + i€x(w) = 7?(w) and the complex
conductivity o(w) = 01(w) + io9(w) = iwep(1 — €) can be directly calculated. The
real and imaginary parts are given by [141,143]:

(w) — k*(w) 01(w) = wepea(w)

2n(w)k(w) o9(w) = wep(1 — €1(w))

e1(w)

€a(w)

(3.5)

The absorption coefficient «(w) can be calculated from the imaginary part of the
refractive index k(w) [144]

2wk (w)
o

(3.6)

a(w)

In the used experimental setup, the THz optics is placed inside a box purged
with nitrogen in order to avoid unwanted absorption lines from water vapor. The
laser is coupled to the emitter and detector by optical fibers. By the spectrometer
the frequency range from 5 to 140 cm~! can be covered. Two wire grid polarizers
are placed in the THz beam, as shown in Fig. 3.1, to control the light polarization
at the sample. The sample is placed inside a Ozford Spectromag superconducting
magnet cryostat, which allows to measure in magnetic fields up to 7T and at tem-
peratures between 2 and 300 K. By rotating the magnet, measurements are possible
with the magnetic field parallel (Faraday configuration) and perpendicular (Voigt
configuration) to the beam direction.

3.2. Fourier-transform infrared spectroscopy

The second spectroscopic technique used in the course of this work is the Fourier-
transform infrared (FTIR) spectroscopy. By this technique the spectral region
from the far infrared (FIR) over the mid infrared (MIR) and near infrared (NIR)
up to the visible range is covered. In FTIR spectroscopy broadband light sources
are used. The frequency information is obtained by an interferometric principle
and subsequent Fourier transformation, as will be elucidated in the following.
The interferometric principle of FTIR spectroscopy can be explained on the basis
of the Michelson interferometer. Its applicability to spectroscopic measurements
was already described by Michelson [145, 146], however, only later progress in
computing made the development of FTIR spectrometers possible [147,148|. A
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3.2. Fourier-transform infrared spectroscopy

Michelson interferometer is realized in the Bruker IFS66v/S spectrometer, which
is schematically illustrated in Fig. 3.2. The beam coming from the source is
split in two beams by the beamsplitter. One of the beams is directed to a fixed
mirror, the other beam is directed to a movable mirror. The two reflected beams
are recombined after the beamsplitter and interfere with each other. Due to the
interference the intensity of the recombined beam depends on the relative path
difference ¢, also called retardation, of the two beams reflected at the fixed and the
movable mirror. The retardation § = 2z can be varied by changing the position x
of the movable mirror. The intensity measured at the detector as a function of § is
called interferogram 1(6).

At first the ideal simple case of a monochromatic source with wave length \q is
considered. If I is the intensity of the two equally split beams, the variation of §
results in a cosine-shaped interferogram I(9) [147-149):

I1(6) = In (1 + cos(2miy9)) (3.7)

Here 74y denotes the wave number, which is defined as the inverse wave length
9 = 1/Xo. The wave number is a commonly used frequency unit in optical
spectroscopy and usually given in the units of cm™!. The interferogram I(d)
consists of a dc and an ac component. For spectroscopy only the ac component of
Eq. 3.7 is important, therefore, the dc component is omitted in the following.

For broadband sources with spectrum S(#) the interferogram is given by the
integration over all frequencies [149]:

+00
() = / S(i) cos(2r56) di (3.8)

—0o0

From the mathematical point of view, the interferogram 1(d) is the cosine Fourier
transform of the spectrum S(2). Therefore, S(7) can be obtained from 1(§) by
the inverse transform:

S(v) = /](5) cos(2mvd) do (3.9)

—00

In reality the interferogram I(9) cannot be measured with infinite retardation 9,
as required in Eq. 3.9. The experimental limitation of  results in a finite frequency
resolution of the spectrum. The maximum resolution is given by Av = 1/§ [151].
Hence, a higher resolution can be achieved by a larger displacement of the moving
mirror.

For the FTIR measurements performed in the course of this work, mainly the two
Bruker spectrometers IFS66v/S and IFS113v were used, which are schematically
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Figure 3.2.: Schematical illustration of the Bruker IFS66v/S spectrometer in
reflectivity configuration. The beam is modulated in the Michelson interferometer
and directed to the sample. The reflected beam is directed to the detector chamber.
Adapted from Ref. [150].
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Figure 3.3.: Schematical illustration of the Bruker IFS113v spectrometer in re-
flectivity configuration. In this spectrometer a Genzel interferometer is realized.
Adapted from Ref. [150].
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3.2. Fourier-transform infrared spectroscopy

illustrated in Figs. 3.2 and 3.3, respectively. The main difference between these
two spectrometers is that the IFS113v uses a Genzel interferometer, where the two
interfering beams are reflected on the two sides of the same mirror. Compared
to the Michelson interferometer, twice the retardation and, thus, resolution can
be achieved by the same mirror displacement. Measurements on small samples
with sizes below 1 mm were performed on a similar Bruker Vertex80v spectrom-
eter, which was coupled to a Hyperion IR microscope (not shown). By a set
of different sources (Hg lamp, globar, tungsten halogen lamp), beamsplitters
and detectors (Bolometer, MCT-detector, Si-diode) the spectral range from 100
to 20000 cm ! is covered. The samples are placed inside CryoVac He-flow cryostats,
which allow to measure at temperatures between 10 and 300 K.

As for the studied single crystalline samples the transmission is low in the
infrared range, the FTIR measurements were mainly performed in reflectivity
configuration. To determine the reflectivity R(w), the reflected intensities of the
sample and of a reference are measured. As a reference gold or silver mirrors are
used. R(w) is given by

R(w) = = |r(w)I*, (3.10)

where 7(w) is the complex reflectivity coefficient, which is introduced as:

r(w) = v/R(w)e™. (3.11)

¢(w) denotes the phase shift between the reflected and the incident wave. The
reflectivity of a sample depends on the complex refractive index. For a beam
coming from a medium with #2/(w) = 1 the reflectivity coefficient r(w) at normal
incidence is given by the following relation [144]:
n(w)—1
rw) = ———— 3.12
() n(w)+1 (312)
Therefore, n(w) can be directly calculated from r(w). However, as by FTIR spec-
troscopy only intensities can be measured, only R(w) is experimentally accessible,
while ¢(w) can not be determined in the experiment.

This problem can be overcome by a Kramers-Kronig transformation. Based on
the principle of causality [152] the Kramers-Kronig relations [153, 154] allow to
calculate the real part of complex linear response functions from the imaginary
part, and vice versa. Applied to Inr(w) = Iny/R(w) + i¢(w) this yields [155-158]

T w2 — 2

Iny/R(w) = —EP/de/ (3.13)

0
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and

b(w) = 2P / VB gy (3.14)

P denotes the principal value of the Cauchy integral. To avoid the singularity
at w’ = w the Cauchy integral in Eq. 3.14 can be rewritten, as shown in Ref. [155]:

o0

o(w) = w / In R(w') —In R(w) Q. (3.15)

T w2 — wW'2
0

According to Eq. 3.15, the phase ¢(w) can be calculated, if the reflectivity R(w)
is known over the complete frequency range from 0 to co. As this cannot be
realized experimentally, an extrapolation of the measurement data towards low
and high frequencies is required. For the studied non-metallic samples a constant
extrapolation of R(w) can be used at the low-frequency side of the experimental
spectrum. Towards high frequencies the experimental reflectivity is commonly
continued steadily by a power-law extrapolation R(w) o< w™* [159]. For even higher
energies (above ~ 100eV =8 - 105 cm™!) the reflectivity can be described by an
extrapolation R(w) oc w™* [160].

3.3. Sample preparation

The samples studied in this work were synthesized by Dr. Vladimir Tsurkan and
Dr. Lilian Prodan. After a description of the sample synthesis and crystal growth,
it will be elucidated how the single- and ploy-crystalline samples were prepared for
the optical measurements.

3.3.1. Mo oxides M;Mo30g

Polycrystalline Fe;Mo3Og was synthesized from the binary oxides FeO (99.999 %)
and MoOj (99 %) by repeated annealing in evacuated quartz ampoules at a temper-
ature of 1000 °C. For the preparation of polycrystalline Fe; ggZng.14Mo3Og, FeO was
partly substituted with the respective amount of ZnO. For preparing polycrystalline
CoaMo30g, FeO was substituted by CoO. The single crystalline M;Mo3Og samples
were grown at temperatures between 950 and 900 °C by the chemical transport
reaction method. Anhydrous TeCl,; was used as the transport agent. Crushed
single crystals were analyzed by x-ray diffraction. This confirmed the single-phase
composition with hexagonal space group P6smc. By squid magnetometry the
antiferromagnetic ordering reported in the literature could be confirmed.

Optical spectroscopy measurements were performed on ab- and ac-cut samples.
As the single crystals mainly grow in a hexagonal shape, the ab-plane can be
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3.3. Sample preparation

identified with the hexagonal surface of the crystal, with the a-direction being
parallel to the edges of the hexagon. Thus, ac-cut samples were obtained by cutting
crystals perpendicular to the ab-plane.

Reflectivity measurements were performed in the IR range on FesMo3zOg and
Feq g6Zng14Mo30g. The reflectivity of ab-cut single crystals was measured on
as-grown sample surfaces. For the polarization dependent ac-cut measurements
the cut surface was polished to optical flatness. In the THz range the transmission
was measured for CooMo3Og, FeaMo30g and Fej ggZng14Mo30g. For this purpose
the samples were polished to plane parallel slabs of appropriate thicknesses in the
range between 0.5 and 1.5 mm.

For the reflectivity as well as the transmission measurements the samples were
glued on circular apertures with diameters between 1.5 and 3 mm, dependent on
the sample size. In the case of the ac-cut sample of FesMo3Og a sufficient sample
diameter of > 1.5 mm could only be achieved by preparing a mosaic composed of
two parts.

3.3.2. Lacunar spinels AM4Xg

Polycrystalline samples of the lacunar spinels AM,; X (with A= Ga, Ge, Al, M =V,
Mo, Nb, Ta, X =S8, Se) were prepared from high-purity elements by solid state
reactions by three repeated syntheses at temperatures from 800 to 1050°C. The
sample quality was checked by x-ray powder diffraction after each step of the
synthesis. Single crystals were obtained by chemical transport reaction with iodine
as transport agent.

The IR measurements on the lacunar spinels were mainly performed in reflectiv-
ity. The reflectivity spectra were measured on as-grown (111) surfaces of single
crystalline samples of GaV4Sg, GeV4Sg, GaMoySg, GaNbySg, AIV,Sg and GaV,Ses.
In the case of GaMo4Sg, GaNb,Sg, AIV,4Sg and GaV,Seg the obtained single
crystals only had a limited size of less than 1 mm. Therefore, the measurements
on these samples were carried out with the help of an IR microscope. In this
case, half of the sample surface was evaporated with a 150 nm thick silver layer,
which then was used for the reference measurement. For the single-crystalline
GaNb,Sg sample with an effectively measurable area of only 0.15 mm in diameter,
the absolute value of the reflectivity obtained from the microspectroscopy was
not fully reliable. Therefore, a high-density polycrystalline pellet with a diameter
of 4mm was used to precisely determine the absolute value of the reflectivity in
the FIR. The reflectivity of the single crystal was scaled accordingly.

In the case of AlMo,Ss, GaMosSeg and GaTasSeg neither single crystals nor
dense pellets were available for reflectivity measurements. For this reason, FIR
transmission measurements were performed on polycrystalline samples embedded
in polyethylene (PE) pellets. The pellets were prepared from PE powder, which
was mixed with a suitable amount of the grounded polycrystalline sample. With
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3. Experimental techniques

a heatable pressing tool this mixture was pressed with 25 kN at 130°C for five
minutes. Afterwards the pellet was annealed with released pressure at 150°C
for 25 minutes.
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4. Magnon spectroscopy In
multiferroics

In the following chapter the low-energy excitations in the magnetically ordered
phases of the transition metal molybdenum oxides M;MozOg (M = Co, Fe, Zn) will
be discussed, which have been investigated by magnetic field dependent THz-TDS
experiments in the frequency range between 10 and 135c¢cm™' (0.3-4 THz). In
section 4.1, the results obtained on Co,Mo3Og will be presented in detail. The
low-energy spectrum of CoosMo3Og is found to be far more complex than expected
for the reported magnetic structure. For some of the modes strong directional
dichroism is observed. In section 4.2 a brief summary of the main results on
FeaMo3Og and Fej ggZng14Mo3Og will be given, which have been obtained in
collaboration with Ana Strini¢ and Benjamin Csizi in the course of their Master-
and Bachelor-theses, respectively. The results on Fe; gZng14Mo30g have been

published in Ref. [57].

4.1. Forests of magnons, electromagnons and
magnetoelectric excitations in Co,Mo30g

4.1.1. Magnon spectroscopy in magnetic fields

The low-energy spin excitations of the antiferromagnetically ordered phase of
CoaMo30g have been investigated by THz transmission measurements. In Fig. 4.1
the frequency-dependent absorption coefficient, a;, measured at 2 K in zero mag-
netic field is shown for the three different polarizations (a) E* || a / H* || b;
(b) E“ || a / HY || cand (c) E¥ || ¢ / H* || a. The spectra obtained for E¥ 1 ¢
exhibit an overall increase of the absorption towards high frequencies, limiting the
experimentally accessible frequency range. This increase is already present at room
temperature and gets more pronounced below Ty. Qualitatively similar spectra
have also been observed in isostructural FesMo3zOg and Feg g6Zng 14Mo30g (see sec-
tion 4.2). In the latter compounds the increase of the absorption towards high
frequencies could clearly be ascribed to a low lying E; phonon, showing consider-
able narrowing below Ty (see section 5.1). Therefore, these findings suggest that
also in CosMo3Og a phonon is located in this frequency range.
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Figure 4.1.: Frequency dependence of the absorption coefficient o of CosMo3Og
at T'= 2K in zero magnetic field with polarization direction (a) E“ || a / H* || b,
(b) E¥ ||a / HY || cand E¥ || b/ HY || ¢, and (c) E || ¢ / H* || a. The mode
frequencies are indicated by the triangular symbols.

For the THz-TDS measurements the sample thickness was optimized in a way
that the accessible frequency range is as wide as possible, while still preserving all
excitations visible in the spectrum. Periodic fringes at the low-frequency side of
some spectra result from multiple reflections of the THz-beam within the sample
due to high transparency (Fabry-Pérot effect).

Several low-energy excitations emerge when entering the antiferromagnetically
ordered phase. As will be shown later, these modes exhibit a magnetic field
dependence and, thus, may be ascribed to magnon modes. For polarization E“ || a /
H* || b in the accessible frequency range twelve modes can be identified below Tx.
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The two strongest modes are observed at 41 and 85cm™!. Modes of intermediate
strength are found at 26, 63, 71 and 80 cm™*. The spectral weight of the remaining
modes is comparatively weak. Therefore, for better visibility all mode frequencies
are indicated by triangles in Fig. 4.1. The spectrum obtained on an ac-cut for
polarization E“ || a / H* || ¢ is qualitatively similar. In this case, nine modes are
observed. Finally, in Fig. 4.1 (b) in addition the spectrum obtained on a be-cut
sample with polarization E || b / HY || ¢ is shown. Besides a slightly different
baseline, it is in line with the spectrum obtained on the ac-cut, as expected from
the hexagonal crystal symmetry. Indeed, polarization dependent measurements on
an ab-cut sample have confirmed the isotropy within the ab-plane in zero magnetic
field and for fields along the c-axis. Thus, the reproducible difference in the baseline
may originate from the fact that the ac- and be-cut samples stem from different
batches. For polarization E“ || ¢ / H“ || a, the absorption spectrum does not
exhibit a phononic background. In this case, five excitations are observed, with
the two modes at 41 and 85 cm ™! dominating the spectrum.

In total, 14 modes could be observed in the antiferromagnetically ordered phase
of CooMo30g in H = 0. Table 4.1 summarizes the mode frequencies and denotes,
for which polarization direction the respective modes are active. This allows to
derive the selection rules, i.e. whether a mode is electric and /or magnetic dipole
active along a certain direction. The selection rules are also included in Tab. 4.1.
It turns out that all the modes for which the selection rule could be derived are
active for E* and/or H* fields oscillating within the ab-plane. The modes at 39, 71
and the dominating mode 85cm™! are solely magnetic dipole active, i.e. they
are classified as conventional magnons. The second dominating mode located
at 41cm™! is found to be both magnetic and electric dipole active and, thus,
classified as a magnetoelectric resonance. The further weak excitations are purely
electric dipole active and therefore may be considered as electromagnons. Due to
the limited accessible frequency range in the £ | ¢ configurations the selection
rules for the modes at 98 and 119cm™! could not unambiguously be determined.
The selection rules obtained in zero field remain also valid in magnetic fields H || ¢,
which causes a linear splitting of the modes, as will be discussed later.

In the linear spin-wave theory for S = 1/2, the number of magnon modes is equal
to the number of magnetic sublattices [161]. This rule of thumb is widely accepted
also for S > 1/2, though in that case it only captures AS = +1 transitions. Along
this line, for the reported four-sublattice easy-axis collinear antiferromagnetic
structure, four magnon modes would be expected. In this case, in zero magnetic
field two doubly degenerate modes should be observed, which split linearly under
magnetic field applied along the easy axis. In zero field, indeed two magnon modes
are observed by inelastic neutron scattering (INS), as shown in Fig. 4.3, which will
be discussed later in detail. It is obvious from the spectra shown in Fig. 4.1 that
far more modes are observed in CoaMo3Og in the THz-TDS measurements. On
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4. Magnon spectroscopy in multiferroics

Table 4.1.: Summary of the mode frequencies of CosMo3Og in zero magnetic field,
mode activity for the three different polarizations and corresponding selection
rules. The presence or absence of a mode in a certain polarization direction
is indicated by v and X, respectively. (v') denotes a mode that could not be
identified unambiguously. When the experimental observation of a mode was not
possible due to the low transmission, this is indicated by n.r. (not resolved). Under
magnetic field H || ¢ the modes are split. g and g, denote the g-factors determined
for the lower and upper branch, respectively.

H=0T H|c
wo EY1le¢, EYLlec, EY|c, .

(em™) H* Le H*|c H*Llc selection rule q Ju
26 v v X EY 1 ¢ 0.58 0.44
39 v X v HY 1 ¢ 1.68 1.48
41 v v v HY, E¥ 1.71 143
54 (V) v X EY 1 c(?7) 1.89
63 v v X EY 1 ¢ 3.57 4.25
71 v X v HY 1 ¢ 0 0
72 v v X EY 1 ¢ 3.29 2.94
74 v v X EY 1 ¢ 3.52  3.50
78 v v X EY 1 c¢ 3.51 3.06
79 v v X EY 1 ¢ 3.60
80 v v X EY 1 ¢ 3.53 3.02
85 v X v HY 1 ¢ 5.83 5.58
98 n.r v X 2.56
119 n.r n.r v 4.17 3.87

one hand, there is no experimental evidence that the magnetic ground state of
CosMo30yg is more complicated. On the other hand, the optical measurements with
V-shape splitting for H || ¢ and no discernible splitting for H L ¢ also support
the collinear easy-axis antiferromagnetic order. Moreover, the zero-field spectra
are dominated by the two modes at 41 and 85cm™!, which are also observed in
the INS experiment.

In a next step the magnetic field dependence of the low-energy excitations in
CosMo30g is analyzed. For an easy-axis antiferromagnet the following behavior
of the magnon modes is expected in magnetic field [161]: As already mentioned,
under magnetic field applied parallel to the easy axis the modes exhibit a V-shape
splitting: The degeneracy of the modes is lifted by the magnetic field as the
different sublattices experience different enhanced or reduced effective fields. For
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4.1. Magnons, electromagnons and magnetoelectric excitations in CooMozOg

magnetic fields applied perpendicular to the easy axis only a weaker second-order
splitting of the magnon modes is expected, which even may not be discerned in
low fields.

The magnetic field dependence of the absorption spectra of Co,MozOg for
fields H || ¢ up to 7T is shown in Fig. 4.2 for the three different polarizations.
Except for the excitation found at 71cm™! for E¥ || ¢ / H* || a, whose mode
frequency is constant within the experimental accuracy, all other observed modes
show a V-shape splitting in magnetic field, as indicated by the dashed lines in
Fig. 4.2. The strength of the split modes is nearly equal for each polarization.
Moreover, their strength does not depend on the field, leaving the selection rules
derived for H = 0 intact. For magnetic fields H L ¢ no splitting of the modes was
found (see Figs. 4.4 and 4.5). Therefore, these findings from the field dependent
measurements support the easy-axis character of the magnetic ground state of
CooMo30g with the c-axis being the easy axis.

The magnetic field dependence of the mode frequencies in H || ¢ is summarized
for the three polarizations in Fig. 4.2 (d)-(f). For clarity reasons as well as in order
to reflect the character of the absorption spectra in this mode map, the excitations
have been classified in weak, medium strength and strong modes. The weak and
narrow modes with absorption amplitude maxima up to approximately 10 cm~! are
only shown as dashed grey lines. Modes of intermediate strength are represented as
small squares and colored dashed lines. The two strongest modes, clearly exceeding
an absorption strength of 100 cm™!, are located at 41 and 85cm™! in zero field
and are represented as large circles and solid lines. From the linear splitting of the
modes the g-factor can be determined for H || ¢. The g-factors of the lower (g) and
upper (g,) branches have been calculated separately from the slopes of the lines in
Fig. 4.2 (d)-(f). The splitting of the modes is found to be mostly symmetric with
the g-factors varying over a rather unusual wide range from 0.4 to 6. The g-factors
of the single modes are summarized in Tab. 4.1.

To get further insight into the magnetic structure and the magnon excitations
of CosMo30s, inelastic neutron scattering (INS) measurements were performed.
These measurements were carried out by Dr. Somnath Ghara, Guratinder Kaur and
Dr. Oksana Zaharko at the Paul Scherrer Institut (PSI) in Villigen, Switzerland,
using the thermal neutron triple-axis spectrometer EIGER at the SIN(Q neutron
source.

Figure 4.3 (a)-(c) shows the magnon dispersions along the (h,0,0), (h,0,—h) and
(-1,0,1) directions obtained from INS energy scans in zero magnetic field. These
measurements reveal two magnon modes at 5 and 10.5 meV, which clearly can be
identified with the two strong modes located at 41 and 85cm™! dominating the
THz spectra, as evident from Fig. 4.3, where INS and THz data share a common
energy/frequency scale. The INS data exhibit slight dispersion along the h direc-
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4. Magnon spectroscopy in multiferroics

tion and along the diagonal (h,0,—h) direction, whereas along the [ direction no
dispersion can be observed.

The results from INS, with two magnon modes being observed in the magnetically
ordered phase of CooMo3Og, are in agreement with a four-sublattice easy-axis
antiferromagnetic structure and give no evidence that the magnetic ground state is
more complicated than reported previously. The observation of only two magnons
by INS is not in contradiction with the large number of modes in the THz
experiments, as the additional modes are considerably weaker. Moreover, the
energy resolution of the INS measurements is lower than in the optical experiments.
Therefore, the additional modes may just not be detectable by INS. Furthermore, as
a fundamental difference, the matrix elements are different for the light absorption
and for the INS process.

Concerning the unexpected large number of modes observed by THz spectroscopy,
an easy way would be to ascribe them to a more complicated magnetic ground state
with more than four sublattices. However, the field dependent optical measurements
with H || ¢ and H L ¢ support the easy-axis nature of the magnetic structure
of CoyMo30Og. Furthermore, our colleagues revisited the magnetic structure of
CosMo30g by polarized and unpolarized neutron scattering and found no deviation
from the four sublattice easy-axis antiferromagnetic structure. Therefore, if present
at all, deviations from the four-sublattice easy-axis magnetic structure can be
considered small.

The reason behind the large number of modes could be that not only the AS = +1
transitions are excited, as expected from the linear spin-wave theory, resulting in
one mode per magnetic sublattice, but also transitions with AS = £2 or AS = +3
can be active and couple to light in CooMo3Og. These transitions are usually
silent in conventional magnets, as the magnetic dipole matrix element governing
the dynamic magnetic susceptibility Y™™ (w) vanishes in such cases [162]. In the
present case, the following conditions may release this selection rule: Co?" realizes
the S = 3/2 state and inversion symmetry is broken. AS = 42,43 transitions
would also naturally explain the large g-factors up to g = 6.

A similar situation has been experimentally found and theoretically described
in multiferroic BayCoGe,O7 [162]: This compound also hosts Co*" ions as mag-
netic ions with S = 3/2, which are located in tetrahedral oxygen coordination.
Below Ty = 6.7 K, BayCoGe,O7 adopts a two-sublattice antiferromagnetic struc-
ture [163-165]. In this compound, more than two magnon modes have been
observed, in contrast to the prediction of the linear spin-wave theory. However,
the conventional spin-wave theory is only valid, if the expectation values, i.e. the
lengths, of the spins are preserved and the excitation only changes the orientation
of the spins relative to the ground state [162]. To describe the additional excitations
in BayCoGe,O7, the authors of Ref. [162] developed a multiboson spin-wave theory
including spin-stretching modes with an oscillating spin length. It was found that
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4.1. Magnons, electromagnons and magnetoelectric excitations in CooMozOg

the occurrence of additional magnetic excitations in BayCoGesO7 is closely linked
to the presence of large single-ion anisotropy and that the noncentrosymmetric
crystal structure can make these excitations electric dipole active [162]. It was
stated that spin-stretching modes generally can emerge in compounds with S > 1/2
exhibiting large single-ion anisotropy or a noncentrosymmetric structure [162].
Therefore, it seems possible that also in the noncentrosymmetric CooMo3Og ad-
ditional unconventional excitations may be identified as spin-stretching modes.
However, to verify this hypothesis, along this line a detailed theoretical analysis of
the low-energy excitations of CoyMo3Og is required.

Finally, we propose a different scenario to explain the forest of magnon modes
in CosMo30g. As will be outlined in section 4.2, also in the antiferromagnetically
ordered phase of isostructural FesMo3zOg more excitations than the four expected
magnon modes were observed by THz spectroscopy. All these low-energy excitations
of FeaMo3Og are at least electric dipole active. Theoretical calculations [166] of
the splitting of the ®D ground term of the tetrahedral Fe?' in Fe;MosQOg revealed
energies matching some of these modes, which therefore might rather be considered
as electronic transitions than as magnon excitations. Thus, a similar scenario of
low-lying electronic transitions might also be possible for some of the additional
modes in CooMo30g, out of which most are purely electric dipole active. However,
such calculations of the electronic levels supporting this statement are currently
not available for CooMo3Og.

4.1.2. Unidirectional transmission

The dynamical magnetoelectric effect in CooMo3Og was studied via the investiga-
tion of directional dichroism of magnon modes. As explained in detail in section 2.3,
different absorption strengths can occur at magnetoelectric resonances for light
beams propagating parallel or antiparallel to T = P x M. In CoyMo30Og with
ferroelectric polarization P along the c-axis this configuration can be achieved by
the application of a magnetic field H L ¢, which induces the necessary magneti-
zation M. Therefore, measurements of the directional dichroism were performed
on an ac-cut sample in Voigt configuration with magnetic field applied along
the a-direction. This results in magnetic point group symmetry 2/m/, m,., which
is the case discussed in section 2.3. Following Eqgs. 2.18 - 2.21, the approximate
four solutions of the Maxwell equations for the refractive indices n for the two
different polarization directions are given by:

N A\ €hlll. F Xon for B | a / H | c,
nat &€, £ X, for £ || ¢ / H” || a.

As the reversal of the magnetic field, or the magnetization, corresponds to

(4.1)

a time-reversal operation, it is equivalent to the reversal of the propagation
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a (cm™)

- (b) E9|l a H=7T |
He|| ¢ T=2K

Aa (cm™)

wave number (cm™)

Figure 4.4.: (a) Magnetic field dependence (H || a) of the absorption spectra
of CoaMo30g for polarization E“ || a / H* || ¢ measured at 2K in +k, +P
configuration. Red and blue curves represent positive and negative magnetic fields,
respectively. (b) Difference spectra Aoy, Aay, and Aap at 2K in |H| = 7T. The
spectra are shifted by a constant offset, as indicated by the dashed lines.
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Figure 4.5.: (a) Magnetic field dependence (H || a) of the absorption spectra
of CoyMo30g for polarization E“ || ¢ / H¥ || a measured at 2K in +k, +P
configuration. Red and blue curves represent positive and negative magnetic fields,
respectively. (b) Difference spectra Aoy, Aoy and Aap at 2K in |[H| = 7T. The
spectra are shifted by a constant offset, as indicated by the dashed lines. Due
to strong absorption the peak maximum of the 85 cm™' could not be resolved,
as indicated by the dotted lines across the peak. (c¢) Enlarged view of Aay of
the 85 cm™! mode. The red line represents a Lorentz fit, as described in the text.
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4. Magnon spectroscopy in multiferroics

direction k. Therefore, the easiest way to experimentally detect directional
anisotropy k- (P x M) in CoyMo3Og is to measure the absorption spectrum
in positive and negative magnetic fields. Figure 4.4 (a) shows the field depen-
dence of the absorption spectra for polarization E“ || a / H* || ¢ in positive (red)
and negative (blue) magnetic fields H || a up to |H| = 7T. The propagation
direction of the THz beam and the orientation of the ferroelectric polarization
of this measurement are defined as the +k and +P direction, respectively. For
this polarization, strong directional dichroism is observed for the mode located
at 41 cm™!. For this mode the directional anisotropy caused by y’, increases with
magnetic field. While in positive magnetic fields the absorption strength of this
mode is increased in field, the mode gets gradually suppressed in negative magnetic
fields. In the remaining part of the spectrum no difference between the +H spec-
tra is observed. Furthermore, all mode eigenfrequencies are independent of the
magnetic field H || a, as expected for an easy-axis antiferromagnet with spins
along the c-axis.

As it follows from the symmetry considerations, only the relative orientation
of k and T = P x M is relevant for the occurrence of directional dichroism.
Thus, it is equivalent if either the propagation direction k, the magnetization M
or the orientation of the ferroelectric polarization P is reversed. Besides the
measurements shown for £H, also the -k and +P configurations have been
investigated. For the reversal of the propagation direction k the THz source and
detector were exchanged. The orientation of P can be reversed by a 180° rotation
of the sample around the a- or b-direction. For a direct comparison of these three
possible configurations, it is instructive to consider the difference spectra Aa,
which are defined as follows:

Aay = a(+k,+P,+H) — a(+k,+P,—H)
Aoy = a(+k,+P,+H) — a(—k,+P,+H) (4.2)
Aap = a(+k,+P,+H) — a(+k,—P,+H)

The difference spectra Aay, Aqy and Aap for polarization E¥ || a, HY || ¢
in |H| = 7T are shown in Fig. 4.4 (b). As expected, all three curves nicely
coincide, with A« reaching a value of 85 cm™!. Slight deviations of the baseline
from zero in Ay, and Aap are ascribed to the necessary realignment of the optics
when switching between £k, or the dismounting of the sample when switching
between 4P, respectively.

For the perpendicular polarization E* || ¢ / H* || a, the magnetic field dependent
absorption spectra with H || a are shown in Fig. 4.5 (a). Directional dichroism is
observed for the modes located at 71, 85 and 119 cm™!. In this case, the directional
anisotropy originates from the dynamical magnetoelectric effect via x/.. For
these modes, the absorption strength is enhanced in increasing negative fields and
reduced in increasing positive fields. Although the sample thickness has already
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4.2. THz spectroscopy on Fey Zn,Mo3Og

been considerably reduced for the directional dichroism measurements, the peak
maximum of the 85 cm™! mode is not fully resolved due to its high absorption
strength, as indicated by the dotted lines in Fig. 4.5.

In contrast to the previously shown polarization, for E¥ || ¢ / H* || a the
mode at 41 cm™! does not show directional dichroism. The selective occurrence
of directional anisotropy for a certain mode in only one polarization is possible,
because the directional dichroism for the different polarization directions is governed
by x., and X/, respectively (see Egs. 4.1), which are independent components
of the dynamical magnetoelectric susceptibility tensor due to the orthorhombic
magnetic point group.

For polarization E¥ || ¢ / H* || a, the difference spectra Aay, Aqy and Aap
in |[H| = 7T are shown in Fig. 4.5 (b). Again all three curves are in satisfactorily
agreement. For the mode at 71 cm™ Aa reaches 25cm™!. For the mode located
at 119cm~! Aq is in the range of 30 to 60 cm ™!, however, the exact determination
of A« is limited by experimental noise. The strongest directional dichroism is
detected for the mode at 85cm™!, where Aa at 7T clearly exceeds 100cm™t. As
the peak maximum for this mode is not fully resolved, A« can only be estimated.
For this purpose the flanks of Aay were fitted, assuming a Lorentzian lineshape.

As shown in Fig. 4.5 (c), this yields a large A« of approximately 200 cm ™.

4.2. THz spectroscopy on Fes ,Zn,Mo30g

4.2.1. Magnons and electromagnetic resonances in
Fe2M0303

Like in CosMo30Qg, spin excitations of the sister compound Fe;Mo3zOg were studied
by THz-transmission measurements. Magnetic field dependent absorption spectra,
measured at 2K in H || ¢ are shown in Fig. 4.6 for the three different polariza-
tions (a) E“ || a / HY || b, (b) E¥ || a / H* || c and (¢) E¥ || ¢ / H* || a. The
overall increase of the absorption on the high-frequency side of the spectra obtained
for the E¥ || a configurations originates from a phonon mode located at 129 cm™*,
as will be discussed in detail in section 5.1.

In zero magnetic field, below Ty = 60 K several low-energy excitations emerge
in the antiferromagnetically ordered phase. For E“ || a / H* || b, three modes
are observed at 41, 89 and 113cm™!. In the ac-cut sample the same set of modes
is found for polarization E¥ || a / H¥ || ¢. For the same polarization direction a
further weak excitation at 116 cm~! may appear, though not resolved clearly. In
the case of E¥ || ¢ / H* || a, only two modes at 89 and 113cm™! are observed in
zero field.

Table 4.2 summarizes the excitation frequencies in zero magnetic field and
the mode activity for the different polarization directions. From this, it can
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Figure 4.6.: Magnetic field dependence of the absorption spectra of FeaMosOg
at T = 2K for polarization (a) E¥ || a / H* || b, (b) E¥ || a / H* || ¢ and
(¢) E¥ || ¢ / H¥ || a. For clarity, the curves are shifted by an offset in proportion
to the magnetic field H || ¢. Dashed lines indicate the splitting of the modes in
magnetic field.
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Table 4.2.: Summary of the mode frequencies of FeaMosOg in zero magnetic field,
mode activity for the three different polarizations and corresponding selection
rules. The presence or absence of a mode in a certain polarization direction is
indicated by v and x, respectively. (v')/(x) denotes a mode that could not be
unambiguously be identified. When the experimental observation of a mode was
not possible due to the low transmission, this is indicated by n.r. (not resolved).
Under magnetic field H || ¢ the modes split with the given g-factor.

H=0T H|c
wo E“lc EY1lc EY|c

(em™) H* Le H|c H*Lc selection rule g-factor
41 v v X E“ 1c 20
89 v v v H* E“ 2.0 /3.0
113 v v v HY E¥ 2.3 /4.0
116 n.I. (V) (x) ?

be concluded that the mode at 41 cm™! is purely electric dipole active with E*
oscillating within the ab-plane, which is in line with the observations from Ref. [64],
where this mode was ascribed to an electromagnon. The modes at 89 and 113 cm™!
are both magnetic and electric dipole active. In Ref. [64] the mode located
at 89 cm~! was observed, however, there it was found to be only magnetic dipole
active. Apparently due to experimental limitations, the mode at 113 cm~! was not
reported there. A previously detected weak mode at 70 cm™! [167] could not be
observed by the THz measurements.

As in CooMo30g, also in FeaMosOg more than two excitations are observed
in zero magnetic field. In this case, the additional excitations may partly be
ascribed to electronic transitions of the tetrahedral Fe?t ions, as suggested by a
theoretical study of Prof. Dr. Mikhail Eremin [166|, who calculated the splitting
of the 5D ground term of the tetrahedral Fe?t in Fe;Mo3Og. These calcula-
tions result in the following energies for the lowest energy levels: 0, 12, 28, 46,
75, 76, 110 and 115cm™!. Both the purely dipole active excitation at 41 cm™!
and the weak excitation at 116 cm™! are in excellent agreement with the calcu-
lated values. Excitations at 12 and 28 cm™! were not directly observed by the
THz measurements, however, evidence of these energy levels has been found in the
finestructure of the d-d transitions of tetrahedral Fe?*, which have been observed
in the IR measurements (see section 5.1). In a previous study the mode at 41 cm™!
has been ascribed to an in-plane oscillating polarization resulting from the pre-
cession of the spins via inverse Dzyaloshinskii-Moriya interaction or single-site
anisotropy [64]. Furthermore, it is possible that besides the conventional preces-
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sional modes also spin-stretching modes become active in FeaMosOg, as already
discussed for CosMo30Og.

The magnetic field dependent measurements on FeaMosOg support the easy-
axis character of the antiferromagnetic structure, with the c-axis being the easy
axis. No splitting of the modes is observed in magnetic fields perpendicular to
the c-axis, as exemplarily shown for one polarization direction in Fig. 4.8 (a). In
magnetic fields H || ¢ a V-shape splitting of the modes at 89 and 113cm™" is
found, as shown in Fig. 4.6. In the ac-cut sample, as shown in Fig. 4.6 (b)& (c),
these splittings are characterized by g-factors of 2.0 and 2.3, respectively. On
the ab-cut also an overall V-shape splitting is observed, however, in this case
additional peaks occur. Furthermore, considering the outermost frequencies yields
higher g-factors of 3.0 and 4.0, respectively. This different behavior of the ab-cut
was reproducible on different samples, its reason, however, remains unclear so far.
The mode located at 41 cm™! exhibits only a weak magnetic field dependence. The
observed broadening of the peak in fields up to 7T is in line with a weak second
order splitting observed in previous high-field measurements [167]. If considering
this purely electric dipole active mode as an electronic excitation within the spin-
orbit coupling split ground state of the tetrahedral Fe?", indeed a weak quadratic
splitting in magnetic field could be expected [168|.

As it can be seen in the phase diagram (Fig. 2.5), with our experimental setup
the ferrimagnetic phase can only be reached at temperatures close to Ty. Therefore,
the antiferromagnetic-to-ferrimagnetic phase transition and the excitations of the
ferrimagnetic phase were studied at 50 K. In Fig. 4.7 the magnetic field dependence
of the absorption spectra at 50 K is shown for the two polarizations (a) E“ || a /
H“ || cand (b) E¥ || ¢ / H¥ || a. Compared to the spectra at 2K the modes are
considerably broadened and their absorption strength is reduced due to the vicinity
to Ty. For this reason, the modes at 89 and 113 cm™! are not discernible in the
spectra for E“ || a / H* || ¢. In the antiferromagnetic phase the field dependence is
in agreement with the observations at 2K, with the mode at 41 cm™! being nearly
field independent and the modes at 89 and 113 cm ™! splitting with the magnetic
field. Above 5T the ferrimagnetic phase is entered, concomitant with changes in
the absorption spectra. For E¥ || a / H® || ¢ the mode at 41 cm™! is abruptly
suppressed in the ferrimagnetic phase. For E || ¢ / H¥ || a the 89 cm™! mode is
suppressed and a new mode appears in the ferrimagnetic phase at 78 cm ™!, which
slightly shifts in field. This is in line with the observations reported in Ref. [64].
The mode at 113 cm ™! also seems to be suppressed in the ferrimagnetic phase.

In analogy to CosMo3Og, also in FesMosOg the directional dichroism resulting
from the dynamical magnetoelectric effect was studied. Figure 4.8 (a) shows the
field dependent absorption spectra of Fe;MosOg for the polarization direction
E“ | a/ H¥| cat 2K in positive and negative magnetic fields H || a. Directional
dichroism resulting from the time-reversal odd x’, is observed for the two both
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Figure 4.7.: Magnetic field dependence of the absorption spectra of FesMosOg

at T'= 50 K for polarization direction (a) E“ || a / H¥ || cand (b) E¥ || ¢ / H* || a.

Above 5T the ferrimagnetic phase is entered. For clarity the curves are shifted

by an offset in proportion to the magnetic field H || ¢. Dashed lines indicate the
mode frequencies.

electric and magnetic dipole active modes at 89 and 113 cm~!. While the absorption
strength of the mode at 89 cm ™! is reduced in positive and enhanced in negative
magnetic fields, the field dependent behavior of the mode located at 113 cm™1 is
opposite.

Again the directional dichroism was studied not only by the reversal of M, but
also by the reversal of k and P. Figure 4.8 (b) shows a comparative plot of the
difference spectra Aoy, Aoy and Aap, as defined by Eqgs. 2.22, at 2K in |[H| = 7T.
Besides slight differences in the baseline the three curves are in satisfactorily
agreement. For both modes a significant directional dichroism with A« in the
range of 70-100 cm~? is found.

For the perpendicular polarization E“ || ¢ / H || a (not shown) no directional
dichroism is observed.
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Figure 4.8.: (a) Magnetic field dependence (H || a) of the absorption spectra
of FeaMo3Og for polarization E“ || a / HY || ¢ measured at 2K in +k, +P
configuration. Red and blue curves represent positive and negative magnetic fields,
respectively. (b) Difference spectra Aoy, Aay, and Aap at 2K in |H| = 7T. The
spectra are shifted by a constant offset, as indicated by the dashed lines.
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4.2.2. Magnons and vibronic excitation in Fej ggZng14Mo030g

Measurements on Fe; ggZng14Mo30g allow to study the effect of Zn doping on the
magnon spectrum and to investigate the observed two-step antiferromagnetic-to-
ferrimagnetic phase transition with two critical fields H.; and He (see Fig 2.5).
The zero-field absorption spectra of FeaMo3zOg at 2 K are shown in Fig. 4.9 for
the three different polarization directions. Again the strong absorption strength
of the nearby E; phonon limits the measurements of the high-frequency part in
the E* L ¢ configurations.

Several excitations emerge in the antiferromagnetically ordered phase, as in-
dicated by the triangular symbols. For E¥ 1 ¢ / H¥ L ¢ four modes are found
at 44, 68, 88 and 96 cm™!, as well as a broad asymmetric excitation band with its
maximum around 25cm™'. For E* || a / H* || ¢ only the two excitations at 25
and 44 cm ™! are observed , with the peak of the latter being not fully resolved due
to low transmission. In the perpendicular polarization E¥ || ¢ / H¥ || a four modes
at 68, 88 and 114 cm™! are identified.

The mode frequencies are summarized in Tab. 4.3 together with the derived
selection rules. The excitations at 25 and 44 cm™! are purely electric dipole active
for E“ 1 c¢. The modes located at 68 and 88 cm™! are found to be purely magnetic
dipole active for H* 1 ¢. For the modes at 96 and 114cm™! the selection rules
can not be unambiguously be determined, however, these modes are presumably
at least magnetic dipole active for H¥ L c.

The observation of the modes at 44, 88 and 114cm™" in Fe; gZng 14Mo30Oy is
in agreement with the excitations found in pure FeoMo3Og at almost the iden-
tical frequencies (see Tab. 4.2). Concerning the large number of modes, clearly
exceeding the number of magnetic sublattices of the antiferromagnetic state of
FesMo3Og, the arguments presented in section 4.2.1 remain valid. Furthermore,
the presence of additional modes in Fe; g6Zng14Mo30g compared to pure Fe;MozOg
may indicate an increase of magnetic sublattices due to the partial replacement
of the tetrahedral Fe?t by nonmagnetic Zn?*. A systematic Mofbauer study
investigating samples with different Zn dopings [44] revealed four different types
of octahedral Fe?" sites, depending on how many of their three nearest neighbor
tetrahedral Fe?" sites have been substituted by Zn%*.

The most significant feature of the FeygsZng14Mo3Og spectra is the purely
electric dipole active and magnetic-field independent broad asymmetric excitation
band around 25cm™!. Such an excitation so far has neither been observed in pure
FesMo3Og nor in any Zn-doped analogue [31,63,64]. Its temperature dependence is
shown in Fig. 4.10 (a). Above Ty only the phonon contribution is observed in the
spectrum. On lowering the temperature the phonon contribution in this frequency
range is reduced due to the sharpening of the F; phonon modes (see section 5.1) and
the broad excitation evolves in the antiferromagnetic phase together with the modes
at 44 and 68 cm™!. The phonon contribution at the lowest temperatures (dashed
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Figure 4.9.: Frequency-dependent absorption coefficient a of Fey ggZng 14Mo3O0g
at T'= 2K in zero magnetic field for polarization direction (a) E“ L ¢/ H¥ L ¢,
(b) E“ || a / H¥ || cand (c) E¥ || ¢ / H* || a. For clarity, the curves are shifted by
an offset, as illustrated by the dashed horizontal lines. Triangular symbols mark
the excitation frequencies.

line in Fig. 4.10 (a)) was obtained from a fit of the FIR reflectivity by an oscillator
model (c.f. section 5.1), as illustrated in Fig. 4.10 (b).

The existence of a broad asymmetric excitation band suggests a coupling of
electronic and structural or vibrational degrees of freedom in Fe; ggZng 14Mo30s.
The coupling of electronic and vibrational transitions leads to vibronic excitations.
Figure 4.10 (¢) shows the absorption spectrum of Fe; ggZng14Mo3Og at 2 K with
subtracted phonon contribution. As illustrated by the red solid line, the broad
asymmetric excitation was successfully simulated by Benjamin Csizi with the
model of a vibronic excitation, including n = 1, 2 and 3 phonon processes and a
zero-phonon line, i.e. a purely electronic transition, at 12cm™!. Details of the
simulation are found in Appendix A.1.
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4.2. THz spectroscopy on Fey Zn,Mo3Og

Table 4.3.: Summary of the mode frequencies of Fe; ggZng 14Mo305g in zero mag-
netic field, mode activity for the three different polarizations and corresponding
selection rules. The presence or absence of a mode in a certain polarization direc-
tion is indicated by v and X, respectively. (v') denotes a mode that could not be
unambiguously be identified. When the experimental observation of a mode was
not possible due to the low transmission, this is indicated by n.r. (not resolved).
Under magnetic field H || ¢ the modes of the antiferromagnetic phase split with
the given g-factor.

H=0T H|c

wWo E1lc EY1lc E* ” ¢ selection rule g-factor
(m) H*Le He|c H*Lec '

925 \/ \/ X EY 1 &
44 Ve v X EY 1 c
68 v X v H* Le 4.0
88 v x v HE Le 2
96 V) n.r e 2.6
114 nr n.r v 25

The zero-phonon line at 12cm™! is not directly observed in the absorption

spectrum, however, its energy is in agreement with the splitting of the lowest-
lying d-levels of the tetrahedral Fe?t in FeosMo3Qg, as determined from theoretical
calculations [44,166] and from IR spectroscopy [section 5.1], [60]. These findings
support the assignment of the broad excitation band to a vibronic excitation
related to the lowest electronic transition of tetrahedral Fe?*.

To study the excitations of the ferrimagnetic phase and the two-step anti-
ferromagnetic-to-ferrimagnetic transition, magnetic field dependent measurements
with H || ¢ were performed at 13K, where both magnetic phases are accessible
with the 7T experimental setup. Magnetic field dependent absorption spectra
are exemplarily shown for polarization E* || ¢ / H¥ || a in Fig. 4.11(a). In
the antiferromagnetic phase a V-shape splitting of the modes is observed, which
can be described by the g-factors summarized in Tab. 4.3. The g-factors of the
intrinsic modes of pure Fe;Mo3zOg (44, 88, 114cm™!) are in agreement with the
values in Tab. 4.2. The modes of the antiferromagnetic phase are suppressed in
the ferrimagnetic state, where new modes evolve, which show a approximately
linear field dependence. Interestingly, for magnetic fields H., < H < H. the
modes of both the antiferromagnetic and the ferrimagnetic phase can be observed
simultaneously. This finding implies a coexistence of the two magnetic phases in
the intermediate field region H. < H < H,s.
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Figure 4.10.: (a) Temperature dependence of the broad asymmetric excitation
band in Fej g¢Zng14Mo3Og for polarization E¥ L ¢ / HY L c¢. The dashed
line accounts for the phonon contribution, as derived from a fit of the phonon
reflectivity spectrum (b). (¢) Absorption spectrum at 2 K with subtracted phonon
contribution. The red solid line represents the simulation of the spectrum with the
model of a vibronic excitation, as described in the text. Shaded areas illustrate its
deconvolution into n = 1, 2 and 3 phonon processes.
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4. Magnon spectroscopy in multiferroics

The field dependence of the mode frequencies for all polarization directions is
shown in Fig. 4.11 (b)-(d), which in addition also includes the eigenfrequencies of
the ferrimagnetic modes in decreasing magnetic fields, demonstrating the hysteretic
behavior. Unlike in the antiferromagnetic phase, it is not straightforward to relate
the ferrimagnetic modes observed for the different polarizations to each other or to
derive selection rules. On one hand, demagnetization effects on the different samples
may influence the mode frequencies. On the other hand, the latest measurements on
an ab-cut sample, which would be expected to be isotropic, revealed a polarization
direction dependence of the eigenfrequencies in the ferrimagnetic phase, which
allows to shift the modes by more than 20cm~!. The origin of this unexpected
behavior remains unclear so far.

As in CooMo30g and pure Fe;MozOyg, also in the Zn doped Feq ggZng 14Mo30sg
the magnetic point group symmetry would allow directional dichroism in the
antiferromagnetic phase for magnetic fields applied perpendicular to the c-axis.
Although directional dichroism was found for some modes in pure Fe;MozOg (see
section 4.2.1), it was not observed in Fe; g6Zng 14Mo30s.

Summarizing the results from THz spectroscopy on the transition metal Mo ox-
ides CooaMo30g, FesMo3Og and Feq ggZng14Mo30g, in all three compounds the
magnon spectra are more complex than expected for the reported four-sublattice
collinear easy-axis antiferromagnetic structure. As a rule of thumb, linear spin-
wave theory predicts the number of precessional magnon modes to be equal to the
number of magnetic sublattices. However, in each case more modes are observed.
As, nevertheless, the field-dependent optical data as well as INS measurements
support the easy-axis nature of the magnetically ordered phase, the possibility of
transitions with AS > 1, spin-stretching modes and low-lying electronic excitations
was discussed. Polarization-dependent measurements reveal the selection rules of
the modes. Beyond the conventional magnons, electromagnons and magnetoelectric
resonances are found in the MsMo3zOg compounds.

Strong directional dichroism has been observed in CosMo3Og and Fe;MosOyg,
impressively demonstrating the dynamical magnetoelectric effect. The trilinear
product k - (P x M) is a measure of the magnetoelectric directional anisotropy.
By independent switching of k, P and M, all three possibilities of switching the
sign of k - (P x M) and, thus, realizing directional dichroism, have been proven
experimentally for the first time within the course of this work.
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5. Tracing symmetry lowering by
phonon excitations

In the following chapter the results obtained from phonon spectroscopy on Fe;Mo3Og
and on lacunar spinels AM,Xg will be presented. As phonons are directly related
to the crystal symmetry, their investigation allows to trace a possible symmetry
lowering. The infrared study of Fe;Mo3zOg reveals an unusual temperature depen-
dence of the F; modes, which is ascribed to the coupling of the phonons to orbital
degrees of freedom. Systematic investigation of the phonons over a broad series
of lacunar spinels allows to assign the modes to individual structural units. The
results of my work presented in section 5.1 have been published in Ref. [59], results
discussed in section 5.2 have been published in Ref. [169].

5.1. Lattice dynamics and orbital degrees of
freedom in Fe;Mo30g

5.1.1. Diffraction studies

As discussed in section 2.4, at room temperature Fe;MosOg exhibits a hexagonal
structure with polar space group P6smc. As the magnetic phase transition at
Tx = 60K happens concomitant with a significant increase of the ferroelectric
polarization and therefore is associated with ionic shifts [7], the question arises,
whether the high-temperature symmetry is preserved below Ty. On the basis of
infrared and Raman measurements the authors of Ref. [60] recently claimed a
symmetry lowering in FeoMo3Og, as additional excitations were observed below Ty,
which were ascribed to phonon modes. However, a direct measurement of the
low-temperature structure had not been reported.

To clarify the low-temperature symmetry, high-resolution x-ray and neutron
diffraction experiments in the temperature range from 1.7 to 300 K were recently
performed by Dr. Alexander Tsirlin and Dr. Nazir Khan. Exemplary diffraction
patterns are included in Appendix A.2. The x-ray data show no changes when
crossing Ty. Increased intensities in the neutron data below Ty are purely ascribed
to magnetic scattering. The neutron diffraction data at 1.7 K could be refined
with the P63mc symmetry and the reported collinear antiferromagnetic structure.
Thus, these data clearly exclude a symmetry lowering below Ty. In agreement
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Figure 5.1.: (a), (b) Temperature-dependent in-plane lattice parameter a and
out-of-plane lattice parameter c. (¢) Temperature dependence of the strain param-
eter Sgpo and (d) the magnetic diffuse scattering intensity, as determined from
the broad diffuse feature (shaded area in frame (e)) appearing in the neutron
diffraction data below 200 K. Dashed vertical lines indicate the phase transition
temperature Ty = 60 K.

with the previously reported study [45], the refined ordered moment of 4.61 ug
exceeds the spin-only value of 4 ug and indicates significant orbital contributions
to the magnetic moment.

From the neutron diffraction measurements the temperature dependence of the
lattice parameters a and ¢ has been determined, which is shown in Fig. 5.1 (a)
and (b), respectively. As expected, the in-plane lattice parameter a monotonically
increases with temperature due to thermal expansion. The temperature dependence
of the out-of-plane lattice parameter ¢, however, is rather unusual. Starting at
room temperature, ¢ initially decreases upon cooling, but it exhibits an anomalous
minimum around 200 K an then increases towards the lowest temperatures with
a slight kink at Ty. As no spectroscopic evidence of this anomalous behavior of
the lattice parameter ¢ had been reported previously, these findings were a key
motivation for the performed IR study on FesMosOsg.
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5.1. Lattice dynamics and orbital degrees of freedom in FeoMosOg

As shown in Fig. 5.1 (c), the anomaly of the lattice parameter c is also reflected
in the temperature dependence of the strain parameter Ssge, which represents the
anisotropic strain contribution to the reflection width (c.f. Appendix A.2). While
nearly constant for the highest temperatures, at 200 K Sygy starts to increase with
decreasing temperature and gets saturated below Ti.

Furthermore, below 200 K a broad feature develops in the neutron diffraction data,
as indicated by the shaded area in Fig. 5.1 (e). This feature, gaining most intensity
in the magnetically ordered phase, is ascribed to magnetic diffuse scattering. The
temperature dependence of the magnetic diffuse scattering intensity is shown in
Fig. 5.1(d). Appearing below 200K, it continuously increases on lowering the
temperature towards Ty.

From these findings it can be concluded that in FesMo3Og below 200 K short-
range magnetic ordering sets in. The onset of magnetic order can be connected
with a lattice expansion, if this stabilizes the ordered state and optimizes the
exchange energy [170]. Therefore, the short-range ordering in FesMo3zOg can be
reflected in the strain parameter Ssp2 and in the anomalous minimum of the lattice
parameter c. Like the onset of long-range antiferromagnetic order at Ty, also the
short-range ordering below 200 K is found to take place without any symmetry
lowering.

5.1.2. Optical spectroscopy studies

Motivated by the x-ray and neutron diffraction study, infrared reflectivity measure-
ments on Fe,MozOg were carried out in the frequency range from 100 to 8000 cm ™t
for temperatures between 5 and 300 K. Figure 5.2 shows the IR reflectivity spectra
for the two polarizations E¥ | ¢ and E¥ || ¢ at 5 and 100K, i.e. for one tempera-
ture above and one temperature below the antiferromagnetic ordering temperature
of Ty = 60 K. In the FIR range up to 800 cm™! several pronounced excitations are
found, which are primarily identified as phonon modes. Around 3500 cm™! several
weaker excitations are observed. These are ascribed to the d-d transitions of the
tetrahedrally coordinated Fe?" ions, which are typically located in this frequency
range [171-177]. While they show up as sharp features in the 5K reflectivity, they
get considerably broadened above Tx. The d-d transitions of the octahedral Fe?+
are usually found at higher energies [178,179], which are not covered by the
performed measurements.

In the following, the temperature dependence of the FIR excitations as well as
the d-d transitions of Fe;Mo3Og will be analyzed in detail. The FIR reflectivity
spectra of FesMosOg for the two polarizations E¥ L ¢ and E¥ || ¢ are shown in
Fig. 5.3 for selected temperatures. The spectra obtained in the course of this work
are in agreement with previously reported data [60]. On the basis of these spectra,
the FIR excitations can be classified into three different types, depending on the
temperature ranges within which they occur:
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Figure 5.2.: Semilogarithmic plot of the frequency-dependent reflectivity spectra
of FeaMo30g measured at 5 K (blue curves) and 100K (red curves) for polariza-
tion (a) £ L c and (b) E¥ || ¢ [59]. Phonons dominate the reflectivity spectra
below 800 cm™!. The d-d transitions of the tetrahedral Fe?" ions are observed
around 3500 cm~!. The insets show zoom-ins of the d-d transitions.

1. Excitations, which are already present at room temperature. These are
mainly phonons, but also weak excitations of presumably electronic origin (see

Fig. 5.3 (d)).

2. A broad feature in the frequency range between 600 and 700 cm ™!, which
emerges for E“ L ¢ below 200 K (see Fig. 5.3 (¢)) and therefore my be related
to the short-range ordering.

3. Excitations appearing only below Ty, as indicated by the arrows in Fig. 5.3.
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5.1. Lattice dynamics and orbital degrees of freedom in FeoMosOg

FIR excitations visible at room temperature

The FIR spectra, as shown in Fig. 5.3, are clearly dominated by the phonon modes.
Group theory allows to directly determine the number of phonon modes on the
basis of the crystal symmetry and the occupied Wyckoff positions. As discussed
above, over the whole investigated temperature range Fe;Mo3zOg exhibits the space
group symmetry P63mec. With the Wyckoff positions from Ref. [45] the symmetry
analysis results in the following phonon modes:

I' =94, + 12F, (Raman- and IR active)
+ 13E, (Raman-active) (5.1)
+A+Ey (acoustic)
+3A; + 108, + 3B, (silent).

Out of these, 94, and 12F; modes are the zone-center IR active phonons, with
the nine one-dimensional A; modes being active for E“ || ¢ and the 12E; modes
being active for E“ L c.

Figure 5.4 shows the FIR optical conductivity o at 5K for the two polarization
directions £ L ¢ and E¥ || ¢, which has been determined from the broadband
reflectivity spectra by Kramers-Kronig transformation using a w™! high-frequency
extrapolation followed by a w™* extrapolation above 8 - 10°cm™!. In the case
of E¥ || ¢ the reflectivity data only above 150 cm™" have been used.

The phonon modes show up as well pronounced peaks in the optical conductivity
spectra. At room temperature nine of the twelve F; modes are observed for £« L c.
For the perpendicular polarization E“ || ¢, eight out of the nine allowed IR active
are identified. It should be noted that the weak features observed for E“ || ¢
around 215, 305, 335 and 520 cm ™! (green triangles in Fig. 5.4 (b)) originate from a
slight polarization leakage from the E* L ¢ direction and are no intrinsic excitations
of the E¥ || ¢ direction.

The experimental phonon eigenfrequencies of FeoMo3Og can directly be com-
pared to those obtained from DFT-+U-+SO calculations, which were performed
by Dr. Alexander Tsirlin. For the calculations the antiferromagnetic spin structure
was imposed. The calculated phonon frequencies, as indicated by the blue triangles
in Fig. 5.4, are in excellent agreement with the experimental values for E¥ || c.
Only for the calculated A; mode at 201 cm™! no direct counterpart is identified
experimentally. Note that the feature observed around 190 cm™! for E“ || ¢ (better
seen Fig. 5.3 (b)) is an experimental artefact stemming from the cryostat windows.
However, also in Ref. [60] no further A; mode was found at this frequency. For
polarization E“ L c¢ the calculated phonon frequencies are also in reasonable
agreement with the experimental ones, however, in this case the deviations are
slightly larger than for E“ || ¢. For both polarizations all experimental FIR exci-
tation frequencies determined from the optical conductivity at 70 K and 5K are
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Figure 5.3.: Frequency-dependent FIR reflectivity spectra of FeoMosOg for polar-
ization (a) £ L c and (b) E* || c at three selected temperatures [59]. Additional
modes appearing below Ty are marked by arrows. The asterisk * indicates the
broad spectral feature appearing below 200 K. Its temperature dependence is shown
in frame (c). (d) Temperature dependence of weak excitations around 850 cm ™.

summarized in Tab. 5.1 together with the calculated values. A full list with all
calculated phonon modes is found in Appendix A.3.

As shown in Fig. 5.4 (c) and (d), in addition to the phonon modes, further
weak excitations are observed in the FIR spectra for both polarization directions
around 850 cm ™!, which are already present at room temperature. In a previ-
ous IR study of Fe;MosOg [60] the authors ascribed these spectral features to
an additional A; phonon mode, eventually promoting their claim of symmetry
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Figure 5.4.: Frequency-dependent optical conductivity o of FeaMozOg at 5 K for
polarization (a) E“ L ¢ and (b) E¥ || ¢ [59]. Dotted black lines indicate the
phonon eigenfrequencies, as determined from the peak maxima of 0. Modes
appearing below Ty are marked by dashed red lines. Blue triangles indicate the
phonon frequencies obtained from DFT+U calculations. Features in the E¥ || ¢
spectrum, which are marked by green triangles, stem from polarization leakage
from the E“ L ¢ direction. The asterisk * indicates the broad spectral feature
appearing below 200 K. The insets show zoom-ins of the weak excitations observed
at (c) 830 and 856 cm™! for E¥ | ¢ and (d) 837 and 850 cm™! for £ || c.
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5. 'Tracing symmetry lowering by phonon excitations

Table 5.1.: Summary of the FIR excitation frequencies (in cm™!) of FesMo3Og
at T0K and at 5K for the two polarizations E“ L ¢ and E¥ || ¢. Upper part:
Eigenfrequencies of the excitations already visible at room temperature and phonon
frequencies from DFT+U+SO. Middle part: Excitations emerging concomitantly
with the short-range ordering below 200 K. Lower part: Additional excitations
appearing only below Ty.

EY 1 ¢ El E¥ ” C Al
70K 5K DFT+U 70K 5K DFT+U
T > 200K 135 129 162 201
191 269 269 262
218 214 223 371 371 365
286 447 446 444
290 292 312 458 457 454
333 335 351 558 956 558
454 452 455 643 643 651
473 727 727 734
473 471 481 782 782 787
510 514 222
561 559 577
751 754 750
836 837 831 830
850 850 857 856
T <200K 613 596
697 692
T <1y 270 230
426
468

lowering. However, on the basis of our data, the classification of these excitations
as a phonon mode seems unlikely. From the DFT calculations no phonon modes
are expected in this frequency range. Besides, when following the temperature
dependence of these excitations, as exemplarily shown for E¥ || ¢ in Fig. 5.3 (d),
a two-peak structure develops below 200 K with the onset of short-range mag-
netic ordering. At the lowest temperatures these excitations are located at 837
and 850 cm™! for E% | ¢ and at 830 and 856 cm™! for E¥ || ¢, i.e. with frequency
spacings of 26 and 13 cm™?, respectively. As it will be discussed later, exactly the
same frequency spacings are observed in the d-d transitions of the tetrahedral Fe?*
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5.1. Lattice dynamics and orbital degrees of freedom in FeoMosOg

sites. These findings suggest that the weak excitations located around 850 cm™!

have electronic origin.

In a next step, a closer look shall be taken at the temperature dependence of the
phonon modes. Already at a first glance it becomes apparent from the reflectivity
spectra shown in Fig. 5.3 that the temperature dependent behavior of the A;
and F; modes is different. While the A; modes exhibit only a minor temperature
dependence between 70 and 5 K, the £} modes are considerably narrowed below Ty.
For a detailed analysis of their temperature dependence, the FIR reflectivity spectra
of FeaMo30g were fitted with a model consisting of a sum of Fano and Lorentz
oscillators, as implemented in the RefFIT program [180,181]. Its complex dielectric
permittivity is given by:

w2, Wyn\2 Wy nWam \ >
=t Y it (14i) +<—”’ q’) (5.2)
— Wiy — WP — iYW w Wo,nW

Here wy and v denote the eigenfrequency and the damping of the respective
oscillator. The damping is directly related to the inverse phonon lifetime v = 1/7.
The plasma frequency w, accounts for the oscillator strength. Asymmetric line
shapes are considered by the Fano parameter w,. The symmetric Lorentzian
lineshape, which is the standard model for phonons, is obtained for w, = 0. The
high-frequency dielectric constant is denoted as €.

For the fitting of the E¥ 1 c¢ spectra, starting at room temperature, nine
oscillators corresponding to the observed phonons were used. Below 200 K two
additional Lorentz oscillators were included to account for the broad spectral
feature (%) developing with the onset of short-range ordering in the frequency
range between 600 and 700 cm~!. For the excitations appearing only below T,
additional oscillators were included, except for the one at 468 cm™!, which is too
weak to be properly fitted (see Fig. 5.5 (a)). For polarization E* || ¢ the phonon
spectra were fitted with seven oscillators. The weak mode located at 447 cm™ as
well as the mode at 230 cm™!, which appears below Ty, were not included into
the fitting procedure, as these are close to the resolution limit. To improve the fit
quality for E“ || ¢, the polarization leakage features were modelled by additional
oscillators. As far as possible, pure Lorentzian oscillators were used (w, = 0) for
the fitting process. To account for their asymmetric lineshapes and to improve
the fitting, Fano oscillators have only been used for the four lowest-lying modes
for E“ L ¢, and for the two modes at 269 and 458 cm™! for E“ || ¢. The asymmetric
Fano lineshape generally describes the coupling to a background continuum. As
at present it remains unclear if this is the case in Fe;Mo3Oyg, the use of the Fano
oscillator might be regarded as a parameterization. Fits of the reflectivity spectra
at 5K for both polarization directions are shown in Fig. 5.5. The fits are in
satisfactorily agreement with the experimental data. Solely the increase of the
reflectivity towards the lowest frequencies for E* || ¢ is not covered by the fit. The
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Figure 5.5.: Reflectivity spectra of FeaMozOg at 5K for polarization (a) E“ L ¢
and (b) E¥ || ¢ [59]. Arrows indicate the modes appearing only below Ty. The
red solid lines represent the fits of the experimental data with the oscillator model
from Eq. 5.2, as described in the text.

origin of this low-frequency increase is unknown and has not been observed in the
previously reported reflectivity data [60]. From the fitting , the high-frequency
dielectric constants have been determined as 7.6 for E¥ L ¢ and 5.8 for E* || ¢ at
the lowest temperature.

From the fitting of the reflectivity spectra the temperature dependence of the
eigenfrequency wy and the damping v is obtained, which is shown for polariza-
tion B L ¢ in Fig. 5.6. All E; phonon modes exhibit clear anomalies in both
the eigenfrequency and the damping at Ty. Already above Ty for some of the
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Figure 5.7: Temperature
dependence of eigenfre-
quency wy and damping
~v of the strongest A;
phonon modes active
for E“ || ¢ [59]. The
dashed lines indicate the
magnetic ordering tem-
perature of Ty = 60 K.
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modes the eigenfrequency shows a non-monotonous behavior, such as for the
modes at 454, 473 and 510cm™! around 200 K. Therefore, one may surmise a
connection to the short-range magnetic ordering. Besides the sudden jumps of the

eigenfrequencies at Ty, which happen both upwards and downwards, regarding
the whole investigated temperature range there is no common discernible trend
of the eigenfrequencies, either. Commonly, phonon frequencies often increase
continuously towards lower temperatures due to anharmonic effects [182-185].
Such a hardening of the phonon modes would also be expected according to the
temperature dependent DFT+U+SO calculations, as shown in Appendix A.3.
However, such a behavior in not observed experimentally for most of the £; modes.
Most significant is the temperature dependent behavior of the E; phonons at the
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antiferromagnetic phase transition. As already evident from the sharpening of the
phonons in the reflectivity spectra (see Fig. 5.3 (a)), the damping of all £} modes
is considerably reduced below Ty. For the lowest-lying phonons this sudden change
of the damping with the onset of antiferromagnetic ordering is up to one order of
magnitude.

The temperature dependence of the eigenfrequencies and the dampings of
the A; phonon modes, which are active for E“ || ¢, is shown in Fig. 5.7. The A; modes
exhibit a different temperature dependent behavior than the E; modes. The
eigenfrequencies show an overall increase towards low temperatures, as commonly
observed due to anharmonicity, arising from thermal expansion and phonon-phonon
interactions [182-185]. Furthermore, the hardening of the phonons with decreasing
temperature is in line with the DFT+U+SO calculations (see Appendix A.3).
At Ty no or only minor anomalies of the eigenfrequencies are found. The damping
of all A; phonons is continuously decreased on lowering the temperature. In
contrast to the E; modes, the dampings of the A; modes show no sudden jumps
when entering the antiferromagnetically ordered phase, but rather exhibit a smooth
behavior when crossing Ty. It should be noted that the slight anomaly observed
at Ty for the mode at 557 cm™! could be related to difficulties in the fitting process
due to the nearby overlapping feature of comparable strength stemming from
polarization leakage from the E“ | ¢ direction.

Excitations related to short-range ordering

A further type of excitations is observed in the frequency range between 600
and 700 cm™ for polarization direction E* | ¢, as indicated by the asterisk (x)
in Figs. 5.3-5.5. The temperature dependence of this broad spectral feature is
shown in Fig. 5.3 (¢). While it is not present in the room-temperature reflectivity,
it starts to emerge below 200 K with the onset of short-range magnetic ordering
and continuously gains spectral weight on decreasing the temperature.

This spectral feature could be successfully fitted with two Lorentzian oscillators
located at approximately 600 and 700 cm~!. The temperature dependent fitting
parameters are shown in Fig. 5.8. For the mode around 700 cm™! the eigenfre-
quency is nearly constant over the whole investigated temperature range. Its
damping remains constant in the antiferromagnetically ordered phase and continu-
ously increases with temperature above Ty. The eigenfrequency of the oscillator
around 600 cm ™! is nearly constant both above and below Ty and exhibits a sudden
drop when entering the magnetically ordered phase. Its damping is constant within
the error bar. The temperature dependence of the overall oscillator strength of the
two oscillators Ae = 72, w2 /W, is shown in Fig. 5.8 (e). Starting from 200K,
it continuously increases with decreasing temperature and gets saturated below TYy.
This behavior is strongly resembling the anomalous temperature dependence of the
lattice parameter ¢ or the strain parameter Sone (see Fig. 5.1) and, thus, supporting
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Figure 5.8.: Temperature-dependent (a), (b) eigenfrequencies and (c), (d) damp-
ings of the two oscillators used for the modelling of the short-range order related fea-
ture observed for E“ L c in the frequency range between 600 and 700 cm™!. (e) Tem-
perature dependence of the overall oscillator strength.

a short-range ordering origin of these spectral features. A purely phononic origin
of these excitations seems excludable from the unusual broad spectral shape and
the fact that no E; phonons are expected from the calculations in this frequency
range, either (see Tab. 5.1).

Additional excitations below Ty

As indicated in Figs. 5.3-5.5, further FIR excitations appear in the spectra only
below Ty. For polarization E“ 1 c¢ three additional excitations are observed
at 270, 426 and 468 cm~!. In the perpendicular polarization direction one addi-
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5.1. Lattice dynamics and orbital degrees of freedom in FeoMosOg

tional excitation is identified at 230 cm™!. In Ref. [60] all additional FIR excitations
emerging below Ty have been assigned to phonon modes and consequently a sym-
metry lowering concomitant with the magnetic phase transition has been proposed.
However, this scenario is excluded by the diffraction data. Besides, following the
assignment of the excitations as done in the course of this work, the number of
observed phonon modes does not exceed the number of the allowed IR active
phonons of the P63mc symmetry. As can be recognized from the FIR excitation
frequencies summarized in Tab. 5.1, the additional modes observed for E* L ¢
at 270 and 468 cm™! may be assigned to the missing F; phonons, which would
be expected from the DFT+U+SO calculations at 286 and 473 cm™!. The modes
observed at 426 cm™"! for £¥ | ¢ and at 230 cm™! for E¥ || ¢ have no counterpart in
the calculations. As will be discussed later, for these excitations an origin related
to electronic transitions seems possible.

d-d transitions of tetrahedral Fe?t

In the following also the MIR d-d transitions of the tetrahedrally coordinated Fe?™
site are discussed, as the electronic transitions play an important role for the FIR ex-
citations. As typical for tetrahedral Fe** [171-177], the d-d transitions show up in
the frequency range between 3450 and 3500 cm™!. This is illustrated in Figs. 5.9 (a)
and (b), which show the MIR reflecticity for the two polarizations E¥ L ¢
and EY || ¢ for a series of temperatures.

In the antiferromagnetically ordered phase at the lowest temperatures for both
polarization directions the d-d transitions of the tetrahedral Fe?* appear as sharp
features in the reflectivity spectra. On increasing the temperature towards Ty the
d-d transitions get gradually suppressed and broadened. Above Ty they are only
visible as a broad feature.

The excitation energies have been determined from the peak maxima of the
dielectric loss €9, as illustrated in Fig. 5.9 (¢) and (d). Dependent on the polarization,
excitation frequencies of 3472, 3485 and 3498 cm™! are obtained for E* L ¢
and 3446 cm ™! for E“ || c¢. These observations are in agreement with the previously
reported data [60].

It should be noted that the authors of Ref. [60] in addition report a broad
feature around 3000 cm ™!, which was speculated to represent d-d transitions of the
octahedral Fe?*, although not observed in all of their studied samples. As evident
from the reflectivity spectra shown in Fig. 5.2, this feature is not present in our
measurements. Furthermore, in general the crystal field splitting of octahedral ions
is bigger than that of tetrahedral ions [178,179], thus, the d-d transitions of the
octahedral Fe?* ions should be located at considerably higher energies. Therefore,
the feature around 3000 cm™' reported in Ref. [60] may most likely not be related
to the d-d transitions of the octahehral Fe?T sites, but rather to e.g. defects.
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Figure 5.9.: (a), (b) Frequency-dependent MIR reflectivity of Fe;Mo3Osg in the
range of the d-d transitions for polarization £ L ¢ and E¥ || ¢ for selected tem-
peratures. (c), (d) Corresponding dielectric loss spectra [59]. Dashed lines indicate
the excitation frequencies and illustrated the energy spacings of 13 and 26 cm ™!,

respectively.

As illustrated in Fig. 5.9 (c) and (d), the d-d transitions exhibit either an
equidistant spacing of 13 cm™! or of twice this value of 26 cm™!. These are the
same frequency spacings as those already observed for the excitations found in
the frequency range between 830 and 860 cm~!. The d-d transitions may be
interpreted in terms of the standard energy level scheme of the split °D term
of tetrahedrally coordinated Fe?t ions. In tetrahedral crystal field the 5D level
of the Fe?T is split into a lower orbital doublet °E and an upper orbital triplet
5Ty [168], which are separated in energy by the tetrahedral crystal field splitting
A; ~ 3400 — 3500cm™". As it will be discussed in more detail in connection
with Fig. 5.10, in cubic symmetry the lower °E doublet is split by second order
spin-orbit coupling into five equidistant levels. Their spacing is given by [168,176]

672
Bso =3 (5.3)
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where A denotes the spin-orbit coupling constant. With the experimental value
of Ago = 13cm™! and assuming cubic symmetry, the spin-orbit constant can be
estimated. Equation 5.3 yields a value of A\ = 87 cm ™!, which is in satisfactorily
agreement with the spin-orbit coupling constant reported for tetrahedral Fe?* in
other compounds [176, 186].

Discussion

As described above, in the room-temperature FIR spectra nine out of the twelve E;
phonon modes and eight out of the nine allowed A; modes could be observed.
While the A; modes exhibit the common anharmonic temperature dependence
in line with the DFT+U+SO calculation of the phonons, the F; modes show a
rather anomalous behavior with a partly non-monotonic temperature dependence
of the eigenfrequencies and especially with a significant increase of the phonon
lifetime below Ty. The latter may be explained by a quenching of fluctuations of
the orbital moment, as will be discussed in the following.

The energies of the crystal-field levels of the octahedrally and tetrahedrally
coordinated Fe?" ions in Fe;MosOg have been determined from DFT by Dr. Alexan-
der Tsirlin by projecting the calculated band structure onto Wannier functions.
The corresponding crystal-field level diagram is shown in Fig. 5.10. From the
calculations crystal-field splittings of A, = 0.68eV and A; = 0.33 eV are obtained
for the octahedral and the tetrahedral site, respectively. Although somewhat lower
than the observed d-d transitions, the latter value is in reasonable agreement with
the experimentally determined energy.

In an undistorted structure both the octahedral and the tetrahedral high-
spin Fe?* ions posses orbital degrees of freedom. The weak trigonal distortion in
FeaMo3Og results in further secondary splittings d, = 0.17eV and 6; = 0.02eV
of the triplet states on the octahedral and the tetrahedral sites, respectively, as
illustrated in Fig. 5.10. With the minority-spin electron occupying the a; orbital,
the orbital degeneracy gets lifted and orbital degrees of freedom are quenched on
the octahedral Fe?t sites. In contrast, the lower e; orbital of the tetrahedrally
coordinated Fe?T sites remains doubly degenerate under the trigonal distortion.
This degeneracy is only lifted by spin-orbit coupling concomitant with a consid-
erable orbital moment. In the case of §; = 0, spin-orbit coupling creates equally
spaced levels separated by Agp, as given by Eq. 5.3. Thus, the observed d-d
transitions with equal spacings of 13 and 26 cm™!, respectively, strongly support
a 0; < A scenario and the calculated value of §; may rather be considered as an
approximation.

From the calculations also the orbital moment could be determined. For the
octahedral Fe?*, where the orbital degeneracy is lifted by the trigonal distortion,
expectedly only a negligible orbital moment below 0.01 ug is found. For the
tetrahedrally coordinated Fe?* sites the calculations yield a orbital moment of 0.5 up
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Figure 5.10.: Crystal-field levels of the octahedrally and the tetrahedrally coordi-
nated Fe?" ions in Fe;MozOg. The energies E were calculated by DFT, including
splittings from the trigonal crystal field (CF). E' = 0 corresponds to the Fermi level
of the uncorrelated band structure. Agp indicates the splitting of the lower e; orbital
of tetrahedral Fe** due to spin-orbit coupling (SOC) in the §; = 0 limit.

along the c-axis, in agreement with the enhanced ordered moment exceeding the
spin-only value (c.f. section 5.1.1). Furthermore, in line with the experimentally
determined magnetic structure, the calculations reveal a strong easy-axis anisotropy
with not only the spins, but also the orbital moment being preferably oriented
along the c-axis.

Orbital degrees of freedom may be the reason for the sudden increase of the
phonon lifetime of the E; modes when entering the antiferromagnetically ordered
phase. As this anomalous behavior is only observed for the F; modes, it seems
natural to relate these to the e; electronic levels of the tetrahedral Fe?t with the
same symmetry, which exhibit the orbital degeneracy. In this case, fluctuations
of the direction of the orbital moment can occur as long as no magnetic order is
established. As described above, the direction of the orbital moment is expected
to be along the c-axis, but it is not fixed and can point either in the +c¢ or
the —c direction. With the onset of magnetic ordering, below Ty the direction
of the orbital moment gets fixed by the internal fields and, consequently, the
fluctuations of the direction of the orbital moment are quenched, which is reflected
in the temperature dependence of the E; modes.
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Besides the unambiguously identified E; and A; phonon modes, further ex-
citations observed for temperatures above Ty cannot be classified as phonons.
The weak excitations found for both E“ 1 ¢ and E¥ || ¢ in the frequency range
around 850 cm™! exhibit the same energy spacings as the d-d transitions of the
tetrahedral Fe?" sites and are furthermore affected by the short-range magnetic
ordering below 200 K, where additional modes emerge in the frequency range
between 600 and 700 cm~!. These findings suggest a combined vibrational and
electronic origin of these excitations. The observation of a splitting of 13 cm™! of
the lowest lying d-levels is in agreement with the onset of the presumably vibronic
excitation at 12cm™! in the THz spectra of Fe; gsZng.14Mo3Os, as discussed in
section 4.2.2.

Concerning the four additional excitations becoming visible in the FIR spectra
below Ty, only two of them might be considered as phonons of the P63mc symme-
try. Furthermore, it is not fully clear if some of these additional modes are already
present above Ty and only become explicitly visible below Ty, e.g. due to sharp-
ening similar to the £} modes. Weak signatures of the mode at 270cm™! (E* L c)
might already be barely visible at 100 K. In the spectra of Ref. [60] the excitation
observed for E¥ || ¢ at 230cm™! is already visible above Ty. Therefore, for this
class of excitations either a combined phononic and magnonic or a combined
phononic and electronic origin seems plausible. In any case, the FIR spectra down
to the lowest temperature give no reason for claiming a symmetry lowering in
FesMosOg, as also excluded by the structural measurements.

It should be noted that a energy level scheme different from that shown in
Fig. 5.10, explicitly derived for tetrahedral Fe?" in Fe,Mo3Og, has already been
reported earlier by Varret et al. [44]. This level scheme is reproduced in Ap-
pendix A.4. In this case, again the d levels of the free Fe?t ion are split by the
tetrahedral crystal field into a lower e doublet and a upper t, triplet separated
by A; &~ 3500 cm™'. The autors of Ref. [44] point towards the importance of a
forth order crystal field term, which was included in their model to describe the
temperature dependence of their Mossbauer data. According to this calculations,
the trigonal crystal field splits the upper ¢, level by a large d; and, thus, lowers the
energy of one level so that it comes close to the lower doublet. The lowest levels are
further split by spin-orbit and spin-spin coupling, and under a molecular field H.S,
accounting for the magnetism of the compound. This rather unconventional level
scheme would in principle allow the interpretation of additional excitations, as
observed in the FIR beyond phonons, in terms of electronic transitions. Besides, it
yields a similar energy of 14 cm ™" for the first excited state. However, this scenario
of A < 0; ~ A is not supported by our DFT calculations and does not result in
equally spaced d-d transitions, either.
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5.2. Sytematics of phonon excitations in lacunar
spinels AM;Xg

The phonons in the studied lacunar spinels are found in the FIR range up
to 500 cm~!. Fig 5.11 shows the frequency-dependent phonon spectra measured
at room temperature in the cubic F43m phase (red spectra) and at 10K in the
Jahn-Teller distorted (R3m, Imm?2, P42;m, P4m2) and magnetically ordered
phase (blue spectra). For single-crystalline samples of GaV4Sg, GeV,Sg, GaMoySs,
GaNbySg, AlV,Sg, AlMo,Sg and GaV,Seg the reflectivity spectra R were obtained
from as-grown (111) surfaces. For AlMo,Sg, GaMosSeg and GaTa,Seg no single-
crystalline samples were available. Therefore, in this case the transmission 7'
was measured on polycrystalline samples, which were prepared as described in
section 3.3.2. The phonons show up as clearly pronounced resonances in the spectra.
For GaMo4Sg and GaNb,Sg the reflectivity spectra show a slight increase towards
low frequencies below approximately 300 - 400 cm™!. Although the origin of this
low-frequency upturn of the reflecticity is not fully clear at present, these features
were found to be reproducible.

Before having a closer look at the phonon spectra, at first some group theory
aspects shall be considered. From the crystal symmetry and the occupied Wyckoff
positions group theory directly allows to determine the allowed zone center optical
phonon modes. In the high-temperature phase all studied lacunar spinels have
cubic symmetry F43m. With the Wyckoff positions from Ref. [68] the following
allowed phonon modes are obtained for the A site, the M site and the two different
ligand sites X; and Xj:

'y=F

'y =A+E+ Fy +2F
I'x,=A1+E+ F, +2F
I'x,=A1+E+ F, +2F,

(5.4)

From this follows the total number of zone-center phonon modes of the lacunar
spinels in the high-temperature cubic state:

[ pasm = 341 + 3E + 3F, + TF, (5.5)

Out of these modes only the F» modes are IR active. Furthermore, one of the
triply degenerate F5 phonon modes accounts for the three acoustic modes, which
are not observed by IR spectroscopy. This results in six IR-active phonon modes
in the F'43m cubic state:

g = 65 (5.6)
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Similarly, also for the low-temperature symmetries the number of IR-active
phonon modes can be determined. Below Tjr the number of allowed phonon
modes increases due to the lowering of the crystal symmetry. With the acoustic
modes already being subtracted, from the structural data of Ref. [68] 21 IR-active
phonon modes are obtained for the rhombohedral symmetry R3m, which is found
in GaV,Sg, GaMo4Sg, AlV,Sg, AlMo4Sg, GaV,Seg and GaMoySeg:

M} =9A, 4+ 12E (5.7)

For the orthorhombic low-temperatrure symmetry I'mm?2 of GeV4Sg [84] group
theory predicts a total number of 30 IR-active phonons:

FIR

Imm2

= 124, + 9B, + 9B, (5.8)

For the tetragonal phase with space group symmetry P42;m [78] the symmetry
analysis results in 58 allowed IR-active phonon modes:

Iy, = 21By + 37TE (5.9)

The tetragonal space group P42;m was previously reported for GaNb,Sg and
GaTa,Seg below Tjp, however, the exact low-temperature symmetry of these
compounds is still under debate [80,81,118] (see section 2.5).

The FIR measurements allow to trace the symmetry lowering structural phase
transition in the lacunar spinels by the appearing of additional phonons below Ty,
although in each case only a subset of the IR-allowed zone-center phonon modes
could be observed experimentally, as evident from the spectra shown in Fig. 5.11.
The spectral weight of the remaining modes obviously is too small to be detected
in these measurements.

As indicated by the red triangles in Fig. 5.11, in the case of GaV,Sg four
out of the six IR-allowed F5 phonon modes can be observed in the cubic phase
in the frequency range between 300 and 450 cm~! by FIR spectroscopy. The
two remaining weak modes have been detected at 130 and 193 cm™! by Raman
spectroscopy [187]. Due to the symmetry lowering from cubic to rhombohedral, two
additional phonon modes appear below Tj1 = 44 K. Below the magnetic ordering
temperature T = 13 K no additional phonons can be observed and also the phonon
parameters are not affected by the magnetic ordering.

In GeV4Sg also four phonon modes can be identified at room temperature.
Despite some differences in their relative oscillator strengths, their eigenfrequencies
are very similar to those observed in GaV,Sg, which can be understood by the
similar atomic masses of Ga (69.7u) and Ge (72.6u). Three additional modes
are observed when entering the orthorhombic phase at Ty = 30 K. Moreover,
in GeV,Sg three more modes appear in the antiferromagnetically ordered phase
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below Ty = 15K, as indicated by the green arrows in Fig. 5.11. The appearance of
additional modes at Ty in GeV,4Sg is a distinct feature among the studied lacunar
spinels. For better comparison, in addition the 25 K spectrum is included in the
insets as green curve. Although the lattice symmetry is not further reduced, further
lattice distortions at Tx have been reported in GeV4Sg [84]. Besides, the appearing
of additional modes below Ty may be explained by the observed doubling of the
unit cell due to the antiferromagnetic ordering |75] in combination with spin-lattice
coupling.

In the case of GaMo,Sg four phonon modes are observed at room temperature,
which surprisingly have eigenfrequencies very similar to GaV,Sg and GeV,Ss,
despite the large difference of the masses of V (50.9u) and Mo (96.0u). The two
phonon modes located at 305 and 370 cm ™! dominate the spectrum, whereas the
two further modes are comparatively weak. When the symmetry is reduced from
cubic to rhombohedral at Tyt = 45 K, six additional phonon modes appear in the
spectrum, which all have only low spectral weight compared to the two dominating
modes. To make the changes in the spectrum upon crossing 7)1 more visible, the
spectrum measured at 50 K, just above the phase transition, is included as a green
curve in the insets. In GaMo4Sg no changes in the phonon spectrum are identified
upon magnetic ordering below T = 20 K.

In GaNbySg three phonon modes are observed in the high-temperature cubic
phase. It is natural to compare the spectrum of GaNb,Sg with those of GaV,Sg
and GaMo4Sg in order to elucidate the influence of exchanging the M-site ion on
the phonons, as these three compounds only differ in the M site. The phonon
frequencies in GaNb,Sg are only slightly, but not significantly lower than in GaV,Sg
and GaMoySg. Furthermore, the relative oscillator strength of the phonon modes in
these three compounds is similar. These findings suggest that the phonon spectra
are not significantly affected by the M-site ion. In GaNb,Sg, where the structural
and magnetic phase transition occur concomitantly, one weak additional mode
appears below 32 K.

The reflectivity measurements on AlV,Sg reveal three IR-active phonon modes
at room temperature. The eigenfrequencies in the range from 300 to 450 cm ™! are
again very similar to the previously described compounds, although the atomic
mass of Al (27.0u) is less than half of the atomic mass of Ga (69.7u). While
the phonon frequencies are only weakly influenced by the exchange of Ga by Al,
the relative strength of the phonon modes in AIV,Sg is different compared to
the Ga compounds, with the modes at 315 and 445cm™! clearly dominating
the phonon response. Below Tjr = 40K in the lower-symmetry rhombohedral
phase three additional modes are identified. No additional phonon modes upon
magnetic ordering could be observed, however, the reported T; = 10K is the lower
temperature limit of the used optical cryostat. Therefore, it is not clear, if the
magnetically ordered phase was really established in the experiment.
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Figure 5.11: Frequency depen-
dent FIR phonon spectra of the
studied lacunar spinels measured
at room temperature (red curves)
and at 10K (blue curves) [169].
For single crystalline samples
the reflectivity was measured on
as-grown (111) surfaces. Trans-
mission spectra were obtained
from polycrystalline samples. Red
triangles indicate the phonon
frequencies at room temperature.
Phonons appearing below Tjr
are marked with blue arrows.
Green arrows indicate additional
modes observed below the mag-
netic ordering temperature. For
GeV,Sg the 25K spectrum and
for GaMo4Sg the 50 K spectrum is
included in addition (green curves)
for better comparison. The insets
show zoom-ins of weak phonon
modes.
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In the case of AlMo,Sg four phonon modes are observed in the transmission
spectrum in the cubic phase. As evident from Fig. 5.11, in this compound no
additional modes could be identified down to the lowest temperatures. With the
phonon excitations being found once more in the same frequency range, the two
strongest modes in AlMo4Sg are located at 310 and 445 cm™!, like in AIV,Sg. The
comparison of the relative mode strengths makes the Al compounds distinct from
their Ga analogues. This reveals the impact of the A-site ions on the oscillator
strengths.

A clear change in the phonon spectrum can be observed when replacing S with Se.
In the studied selenides the IR-active phonon modes are found in the frequency
range between 180 and 270 cm ™!, which is considerably lower than in the sulfides.
The lower phonon eigenfrequencies in the selenides can be directly understood by
the different masses of S and Se. The simplest approach for the description of
phonons is the model of the harmonic oscillator. Within this model the ratio of
the phonon frequencies of the Se and S compounds can be connected to the mass
ratio of S and Se as follows:

Wse ms

- —0.64 (5.10)
ws mge

As it will be shown later explicitly, the phonon frequencies of the lacunar spinels
follow this ratio. This observation clearly suggests that the ligand ions are strongly
involved in the phonon response of these compounds.

In GaV,Seg three out of the six IR-allowed zone-center F, modes can be identified
in the reflectivity spectrum of the cubic phase. While three additional phonons
appear when entering the rhombohedral phase at Tyt = 41 K, no changes in the
spectrum can be found below T = 18 K.

When comparing the FIR spectra of GaV,Seg, GaMoysSeg and GaTaySeg, which
differ in the transition metal site, again only a minor influence of the M-site ion on
the phonon frequencies can be discerned, which is in line with the observations in
the sulfides. The measurements on polycrystalline GaMo,Seg reveal four phonon
modes at room temperature. The features in the spectrum around 350 cm™*
were observed in different GaMosSeg pellets, irrespective of the corresponding
sample concentration and are therefore not considered as phonons of GaMo,Ses.
One additional mode is found in the rhombohedral phase below Tjr = 25K,
while entering the magnetically ordered phase happens without changes to the
measured FIR spectrum. In the case of GaTasSeg three phonon modes can
be observed at room temperature and one more mode is identified below the
magnetostructural transition temperature of 53 K in the tetragonal phase.

A general aspect of the phonon modes in the studied lacunar spinels is their
hardening with decreasing temperature. When comparing the phonon spectra
obtained at room temperature and at 10 K in Fig. 5.11, a shift of the modes towards
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higher frequencies is clearly observed in the 10 K spectra for all phonon modes that
are already present at room temperature. As already mentioned in section 5.1, such
an anharmonic temperature dependence is a commonly found behavior of phonons
originating from thermal expansion and phonon-phonon interactions [182-185|. Tt
has been shown that the anharmonic shift of the i-th phonon mode as a function
of temperature can be described by the following expression [188-190]:

&

exp<m>—1

Here wy ;(T" = 0) is the phonon frequency of the i-th mode in the 7" = 0 K limit. The
parameters ¢; account for the strength of the anharmonic shift of the respective
mode and € is a characteristic frequency of the decayed phonons [189]. This
formula describes a continuous increase of the eigenfrequency with decreasing

woi(T) =woi(T'=0)-[1— (5.11)

temperature saturating at w ;.

In order to determine the temperature dependence of the phonon modes from
the experimental data, the spectra were fitted by a sum of n Lorentz oscillators.
As already mentioned in section 5.1, within this standard model of damped
harmonic oscillators the complex dielectric permittivity is obtained from Eq. 5.2
by setting wy; = 0. With Ae; = w?, /w§ ; it follows [144]:

Aelwo
= €x = € ! 5.12
= €00 + Z ek + Z S ——~ (5.12)

For the fitting of the measured data again the RefFIT routine [180, 181] was used.

In Fig. 5.12 exemplarily the temperature dependence of the eigenfrequencies of
the two strongest phonon modes in GaMo,Sg and GaV,Seg is shown in a semiloga-
rithmic representation. All four modes exhibit the same qualitative temperature
dependent behavior in the cubic phase. Starting at room temperature, the frequen-
cies monotonically increase on lowering the temperature. Upon approaching Tt
the curves gradually flatten. The overall increase of the phonon frequencies in
lacunar spinels in the temperature range between room temperature and 10 K is of
the order of 3 - 7em ™. As indicated by the red solid lines in Fig. 5.12, the fits of the
temperature dependent wy are in excellent agreement with the experimental data.
For the characteristic frequency  the fit yields values of 292 cm™! for GaMo4Sg
and 172 cm™! for GaV,Seg. These values are in line with the interpretation of Q as
an average phonon frequency [188,189]. Furthermore, their ratio of 0.59 is close to
the value of 0.64 expected from Eq. 5.10. The deviation of the mode frequencies
from the anharmonic behavior below Tt is a consequence of the crystal symmetry
lowering. For both compounds the eigenfrequencies of the phonon modes are not
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Figure 5.12.: Semilogarithmic plot of the temperature-dependent eigenfrequen-
cies wy of the two strongest phonon modes in GaMo,Sg (left) and GaVSe (right).
Dashed vertical lines indicate the phase transition temperatures. Red solid lines
represent fits of the experimental data with the anharmonic model from Eq. 5.11,
as described in the text.

affected by the magnetic transition within the experimental accuracy, which is in
accordance with the observations discussed in connection with Fig. 5.11.

We have also reported similar findings in GaV,Sg and GeV4Sg earlier [191],
where we have analyzed the temperature dependence of wy in detail: Also in these
two compounds the temperature dependence of wy for all modes is described by
Eq. 5.11 with a value of Q = 243 cm™! similar to the one found in GaMo,Sg. Slight
deviations from the anharmonic behavior above Tt may be ascribed to orbital
fluctuations. While in none of the other investigated lacunar spinels changes in the
phonon spectrum due to magnetic ordering were observed, in the antiferromagnetic
phase of GeV,Sg not only additional modes were identified, but also shifts in the
phonon parameters were found [191], making this compound distinct from the
other studied lacunar spinels.

Figure. 5.13 shows the frequency dependence of the real part €; and imaginary
part €5 of the complex dielectric permittivity of the investigated compounds in
the FIR range at 10 K and at room temperature. In the case of the singlecrystalline
samples (GaV,Sg, GeV4Sg, AlV,Ss, GaV,Ses, GaMo,Ss, GaNbySg) €; and e were
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5.2. Sytematics of phonon excitations in lacunar spinels AM,;Xg

directly obtained from the reflectivity spectra by the so-called variational dielectric
function method (VDF), which was developed by A. Kuzmenko [180,181] and
allows to determine the complex dielectric function without the need of a high-
frequency extrapolation and consecutive Kramers-Kronig transformation. For the
polycrystalline samples (AlMo,4Sgs, GaTasSes, GaMoySeg), which were embedded in
polyethylene, an exact determination of the dielectric function is more difficult, as
the actual sample thickness is not well-defined and also an absolutely homogeneous
distribution of the sample powder over the pellet might not always be perfectly
realized. In this case, according to the sample concentration in the pellet, only
an effective sample thickness could be determined. This allowed to estimate €,
from the transmission data. For these spectra a baseline was subtracted in order
to account for the polyethylene background.

As already mentioned before, the reflectivity spectra of GaNb,Sg and especially of
GaMoySg exhibit an increase towards low frequencies. In the case of GaMo4Sg this
circumstance results in obviously unrealistic € curves on the low-frequency side of
the spectra. For this reason, the low-frequency increase of R in GaMoy4Sg, possibly
originating from a higher conductivity at the sample surface, was modeled by a
Drude term, which describes the behavior of free charge carriers. Its contribution
to the complex dielectric permittivity is given by

“p

S 5.13
w? + iwy’ (5.13)

€(w) =
which formally corresponds to a Lorentz oscillator with wg = 0. At 10 K this Drude
term can be described by the parameters w, = 950 cm™" and v = 235cm™*, which
only have a minor temperature dependence. Afterwards, the Drude contribution
was subtracted from the permittivity to obtain the GaMo,Sg spectra shown in
Fig. 5.13. As indicated by the open circles, now the low-frequency dielectric
constant is in agreement with the values obtained at 100cm™' from THz-TDS
transmission measurements on the same crystal. While the reflectivity measurement
mainly probes the sample surface, the transmission measurement mainly probes
the bulk of the crystal. This confirms that the increase of R in GaMoySg towards
low frequencies most likely can be ascribed to an enhanced conductivity at the
sample surface. In GaNb,Sg, however, the situation is less clear, as the same
procedure was not applicable in this case.

In GaV,Sg and GeV,4Sg, where the crystal size was large enough, the com-
plex dielectric permittivity obtained from the reflectivity could also be verified
by THz-TDS measurements, which allow a very precise determination of €. For
all investigated single-crystalline samples the high-frequency ¢, is in the range
between 10 and 20. The dielectric loss €5 of these compounds, which is otherwise
close to zero, typically reaches values from 30 to 60 for the strongest phonon modes.
In the case of GaV,Sg and GeV,Sg the calculated e; at 10 K for some frequencies
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Figure 5.13.: Frequency-dependent real part €; and imaginary part e; of the
complex dielectric permittivity in the FIR range [169]. Red and blue curves
represent the spectra obtained at room temperature and 10 K, respectively. Red
triangles indicate the phonon eigenfrequencies at room temperature. The open
circles represent the values of €; at 100 cm ™! obtained from THz-TDS transmission
measurements.

reaches slightly negative values. This obviously results from a small background on
the experimental reflectivity data, which apparently is also temperature dependent
and therefore cannot be easily corrected.

For the polycrystalline samples, where only €5 could be calculated via an effective
sample thickness, the determined absolute values are considerably lower. In this
case, €; reaches only values between 2 and 8 at the strongest phonon modes. It
seems very unlikely that the dielectric loss for the phonons in AlMoySg, GaTasSeg
and GaMoySeg is approximately one order of magnitude smaller than in the
other studied lacunar spinels. Instead, this results demonstrate that for these
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polycrystalline samples the calculated e; values give only an approximation of the
intrinsic values and that in this case e, is underestimated.

The summary of the basic results from the comparative phonon study is visualized
in Fig. 5.14. It shows the phonon eigenfrequencies for each of the studied lacunar
spinels at room temperature and at 10 K. The symbol area represents the oscillator
strength Ae of the phonon modes, which were obtained from fitting the experiential
data with the Lorentz-oscillator model from Eq. 5.12. For visibility reasons, in
the case of AlMosSg and GaMoysSeg, Ae has been multiplied by a factor of 5
and 10, respectively. As discussed previously, the mode strengths obtained in the
polycrystalline compounds are most likely underestimated.

At first the influence of the ligand ion shall be considered, as the shift of the
phonons to lower frequencies when replacing S by Se is most obvious. For all
sulfides the strongest phonon modes are located in the frequency range between 280
and 460 cm™!, as indicated by the grey shaded area. In the case of the selenides
the strongest phonons are found between 180 and 290 cm™'. The shift of the
eigenfrequencies is related to the different masses of S and Se and corresponds
to the expected ratio of wg./ws = /mg/mge = 0.64. This is emphasized by the
shaded area in Fig. 5.14, which is exactly scaled by this factor for the selenides.
Thus, the ligands are strongly involved in the lattice vibrations.

Next, the impact of the exchange of the A-site ion on the phonon response is
considered. For this purpose the sulfides hosting Ga and Al are compared. Despite
the large mass difference of Ga and Al, no significant changes in the eigenfrequencies
are found. However, a systematic effect on the relative spectral weight of the phonon
modes is observed. In the room temperature spectra of the Ga-based compounds
the strongest mode is typically found around 300cm™'. A second relatively strong,
though somewhat weaker mode is observed in the frequency range between 350
and 380 cm™! and a relatively weak modes is identified around 450 cm~!. In the
compounds hosting Al at the A position, the room-temperature FIR spectrum is
dominated by two strong phonon modes located around 300 and 450 cm™t. One
further, comparatively weak mode is found in between the two dominating ones.
These findings imply that the A-site atoms are involved in the observed IR-active

phonon modes located around 350 - 380 cm ™! and 450 cm™*.

The phonon spectrum seems to be much less affected by replacing the M-site
ion. Both within the sulfides and the selenides no systematic changes in the
eigenfrequency or the mode strength due to the replacement of the M site element
can be discerned. Solely in GaNbySg the phonon frequencies are slightly lower
than in the comparable compounds. However, this is not significant enough to
connect the observed phonon modes with the transition metal site.

The fact that in the cubic phase only a limited subset of the six allowed zone-
center F5 modes is observed in the FIR measurements is in agreement with the
assignment of these modes to vibrations of the atoms at the A-sites and the ligand
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Figure 5.14.: Summary of the comparative phonon study on lacunar spinels [169].
For each compound the phonon eigenfrequency is shown at room temperature (red
symbols) and at 10 K (blue symbols). The oscillator strength Ae is represented
by the area of the symbols. Grey shaded areas mark the frequency ranges within
which the strongest phonon modes are found. For GaV,Sg the two F; modes
reported from Raman spectroscopy [187] are also included. For better visibility, in
the case of weak modes the frequencies are indicated by vertical lines. For the same
reason, Ace of AlMosSg and GaMoySeg has been multiplied by the given factors.

positions. For each of the studied compound either three or four phonon modes
were found at room temperature. When going back to the symmetry analysis
in Eq. 5.4, taking into account the IR-allowed F, phonon modes of the A-site
and the two ligand sites X; and X, results in a total number of four modes
after subtracting one acoustic F; mode. Thus, both the experimental results and
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group theory considerations are in line with the assignment of the observed IR
phonon modes to vibrations of the AX, tetrahedra and the ligand atoms within
the cubane M, X, clusters.

The detection of the two missing weak F, modes in GaV4Sg at frequencies of 130
and 193cm™! by Raman spectroscopy [187] and the overall systematic behavior of
the phonon modes in lacunar spinels found in the present study suggest that also
in the other compounds the missing modes may be located at the low frequency
side of the observed modes.

Additional modes appearing below Tj1 provide evidence for symmetry lowering
at the structural transition, however, in the low-temperature Jahn-Teller distorted
phase for all compounds also only a subset of the allowed phonon modes was
detected. In contrast to the cubic phase, a direct comparison of the low-temperature
phonon spectra of the studied lacunar spinels is difficult, as in the different
compounds different crystal symmetries are realized below T}r.
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6. Systematics of electronic
excitations in multiferroic
lacunar spinels

In this chapter the results from broadband reflectivity spectroscopy on a series of
lacunar spinels will be presented. The optical conductivity clearly illustrates the
semiconducting behavior of these compounds over the whole studied temperature
range. The size of band gap is obtained from the optical data and its temperature
dependence will be discussed. The comparison of the different lacunar spinels
allows to derive the systematics of the gap size when exchanging the atoms at
the transition metal and the ligand site. The results of my work presented in the
following chapter have been published in Ref. [169].

Figure 6.1 shows a semilogarithmic plot of the broadband reflectivity of single-
crystalline GaV,Sg, GeV,4Sg, GaV,Seg, GaMoySg, GaNbySg and AlV,Sg in the
frequency range between 150 and 20000 cm™—t. For each compound a spectrum of
the room-temperature cubic phase (red curves) and the low-temperature Jahn-
Teller distorted phase (blue curves) is shown. The spectra of the different lacunar
spinels are qualitatively very similar. For frequencies below 600 cm ™! the phonons,
which have been discussed in detail in section 5.2, are observed as sharp resonances.
Depending on the compound, in the frequency range between 2000 and 6000 cm ™!
a broadband feature is observed in the reflectivity spectrum, as indicated by the
arrows in Fig. 6.1. While it is very broad and weak at room temperature, it
gets clearly pronounced on decreasing the temperature. Not taking into account
the details of the exact band structure, this feature can be associated with the
electronic band gap. A further significant feature is exclusively observed in GaMoySg
around 750 cm ™!, however, its origin uncertain at the moment.

For the analysis of the electronic band gap it is instructive to examine the optical
conductivity spectrum. From the broadband reflectivity the optical conductivity o
is obtained via Kramers-Kronig transformation. For this purpose the experimental

—19 extrapolation, which was followed

-1

reflectivity spectrum was continued by a w
by a w™* high-frequency extrapolation above 8 - 10° cm

The frequency-dependent optical conductivity spectra of GaV,Sg, GeV,Ss,
GaV,Seg, GaMo,Sg, GaNb,Sg and AIV,Sg are shown in Fig. 6.2. For each com-
pound the room-temperature broadband conductivity spectrum over the whole
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Figure 6.1: Frequency de-
pendent reflectivity spec-
tra of GaV,Sg, GeV,Sg,
G&MO4Sg, G&Nb4887 A1V4S8
and GaV, Seg between 150
and 20000 cm ™!, measured
in the low-temperature dis-
torted phase (blue curves)
and in the room tem-
perature cubic phase (red
curves) [169]. The marked
broad, hump-like features
in the frequency range be-
tween 2000 and 6000 cm™*
are associated with the band

gap.
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investigated spectral range is given in the right column, in the left column the
conductivity is shown in the frequency range of the band gap up to 7000 cm™ for
selected temperatures. Irrespective of the temperature, the optical conductivity
vanishes in the low-frequency limit. In agreement with resistivity measurements,
this finding clearly classifies the lacunar spinels as semiconductors, not only in the
low-temperature distorted phases, but also in the high-temperature cubic state.
The band gap manifests itself as an increase of the optical conductivity in the
frequency range between 2000 and 5000 cm™!. In GaV,Sg this increase is most pro-
nounced at the lowest temperatures with an almost step-like behavior at 2500 cm™?.
With increasing temperature the band edge gets continuously broadened and
smeared out. We have primarily ascribed this temperature dependent behavior
to orbital fluctuations in the high-temperature cubic phase [191]. A qualitatively
similar behavior of the band edge is observed in GeV,Sg, GaV,Seg, GaNb,Sg
and AlMo,Sg. Solely in GaMoySg no pronounced temperature dependence of the
optical conductivity in the vicinity of the band gap was found. The broadband
conductivity spectra at room temperature illustrate a further increasing behavior
of o above the band gap for all studied compounds.

Generally, the gap size F, of semiconductors can be determined from a power-law
behavior of the band edge (afuw)™ oc hw — E, [192,193|. Thereby the exponent n
is determined by whether the electronic transition is direct or indirect, whether it
is allowed or forbidden. The detailed analysis of the optical conductivity revealed
that in the lacunar spinels this method is not strictly applicable. Besides, the partly
very strong temperature dependent smearing out of the band edge suggests orbital
fluctuations being involved. Therefore, the band gap E, was instead determined
by a linear extrapolation of the increase of the optical conductivity to zero. In
Fig. 6.2 this is exemplarily indicated for the lowest and highest temperatures by
the dashed lines. The temperature dependence of the band gap of the studied
lacunar spinels is plotted in Fig. 6.3. It reveals band gap values in the range
between 175 and 475 meV, in line with the classification of this compound family as
narrow-gap semiconductors [107]. An overall increase of the gap size with decreasing
temperature is observed, as commonly found in semiconductors [194,195|. Table 6.1
summarizes the optically derived band gap F, of the lacunar spinels for the lowest
temperatures and at 300 K and in addition gives a comparison with literature
values obtained from temperature dependent resistivity measurements.

In GaV,Sg a band gap of 260 meV is found at room temperature. This is
in satisfactory agreement with the value of 240 meV obtained from resistivity
measurements in Ref. [97]. On lowering the temperature, in the cubic phase the
band gap increases and gets saturated below 100 K. At Tyt the gap increases by
approximately 10meV. A further increase of E, is observed below Tjp with a
slight anomaly at T. At 10 K the gap value reaches 330 meV in agreement with
Ref. [196].
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Figure 6.2: Frequency
dependent optical con-
ductivity of the studied
lacunar spinels at se-
lected temperatures in
the region of the band
gap [169].  Dashed
lines show the linear
extrapolation of o for
the determination of
the gap energy. For
room temperature
the broadband optical
conductivity is shown
up to 18000 cm™1!.
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Figure 6.3.: Temperature dependence of the band gap of GaV,Sg, GeV,Sg,
GaV,Seg, GaMoySg, GaNbySg and AlV,4Sg, as determined from the linear ex-
trapolation of the optical conductivity, in a semilogarithmic representation. The
dashed vertical lines indicate the structural and magnetic phase transition temper-
atures.
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For GeV,Sg, GaV,Seg, GaNb,Sg and AlIV,Sg a qualitatively similar behavior
is observed. The band gap of GeV,Sg at room temperature is 350 meV, which is
relatively close to the value of 300 meV from the electrical resistivity [98]. With
slight anomalies both at Tyt and Ty the band gap of GeV4Sg increases up to 475 meV
at 10 K. In GaV4Seg the size of the gap is smaller and its temperature dependence
is less pronounced. Nevertheless, also in this compound F, experiences a blue shift
from 175 meV at 300 K to 215 meV at the lowest measured temperature with an
anomaly at Typ. From resistivity measurements on GaV,Seg a somewhat higher
value of 270 meV was reported previously [72]. In GaNb,Sg, where the temperature
dependence of the optical conductivity is most pronounced, the lowest band gap
energies have been observed. It increases from 130 meV at room temperature
to 190meV at 12 K. Again the temperature dependence of E, exhibits an anomaly
at the magnetostructural phase transition. For GaNb,Sg the difference between
the band gap obtained from the optical measurements and the value of 280 meV
from resistivity [74] is comparatively large. In the case of AIV,Sg a continuous
increase of the band gap is observed on decreasing the temperature. Gap energies
of 230 meV at room temperature and 310 meV at 20 K have been found. From
the experimental data no anomaly of E, at the structural phase transition can be
resolved.

Only for GaMo4Sg no clear trend in the temperature dependence of the band gap
energy can be discerned. In this case, the values of F, show large scattering. Within
the experimental error the band gap adopts a mean value of approximately 300 meV
in the investigated temperature range.

In general, the observed relative change of the band gap energy at the structural
phase transition does not exceed 5% in the lacunar spinels under investigation.
The occurrence of anomalies in the temperature dependence of I, at the structural
phase transition, with the band gap of GaV,Sg, GaV,Ses and GaNb,Sg being
sightly enhanced below Tjr, emphasizes the influence of structural distortions on
the electronic structure of the lacunar spinels, as previously discussed in theoretical
studies [117,119]. However, as the changes of the band gap are small compared to
its absolute value, the influence of structural distortions on the electronic structure
can be considered small.

As evident from Tab. 6.1, the band gap energies determined from temperature-
dependent resistivity measurements are mostly in reasonable agreement with those
obtained from the optical experiments. The determination of E, from the electrical
resistivity relies on the assumption of a thermally activated Arrhenius-like behavior
and does not consider the observed temperature dependence of F,. It has been
shown that a purely thermally activated behavior cannot be generally assumed in
lacunar spinels for all temperatures [97]. Therefore, due to deviations from the
Arrhenius behavior the determined value of the band gap can depend on the chosen
temperature range, which may explain the discrepancies between some of the
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Table 6.1.: Summary of the band gap energies £, of the studied lacunar spinels
determined from the optical conductivity spectra at low temperatures and at 300 K.
Values obtained from temperature dependent resistivity measurements are included
for comparison. The values without reference have been determined in the course
of this work.

E, (meV) E, (meV)
from optical conductivity from resistivity
low T 300K
GaV,Ss 330 (10K) 260 240 (97|
330 [196]
GeV,4Sg 475 (10K) 350 300 98]
AlV,Sg 310 (20K) 230
GaMo,Sg 300 (30K) 300
GaNbySg 190 (12K) 130 280 [74]
GaV,Seg 215 (30K) 175 270 |72
GaNb4Seg 190 [74]
280 [196]
GaTaySeg 120  [196] 160 [74]
240 [197]

literature values in Tab. 6.1. The linear extrapolation of the optical conductivity
represents a more reliable method for the determination of the band gap in lacunar
spinels. Therefore, for the analysis of the systematics of F, over the series of
investigated compounds the values obtained from the optical conductivity were
used as far as possible.

When replacing S by Se at the ligand site, the size of the band gap is reduced
when comparing the optically derived F, of GaV4Sg and GaV4Seg. Similarly, a clear
reduction of the band gap is observed when comparing the values of GaNb,Sg and
GaNb,Seg obtained from the resistivity measurements in Ref. [74]. Furthermore,
in Ref. [196] the band gap has been investigated for the substitution series of
GaTaySes_,Te, for 0 <z < 6.5. Although the authors of Ref. [196] do not present
data for pure GaTa,Teg, towards higher Te concentrations a clearly decreasing
tendency of the band gap can be observed. Thus, these findings suggest a general
decrease of the gap energy in lacunar spinels when exchanging the ligand atom
within the series S — Se — Te. This decreasing tendency of E, can most probably
be explained by the increasing bandwidth of the cluster orbitals in the selenides
and tellurides.
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When exchanging the elements at the transition metal site, the following ob-
servations can be made: Replacing the 3d element V by the 4d element Nb leads
to a clear reduction of the bad gap, as can be seen by the comparison of GaV,Sg
and GaNb,Sg. Similarly, also a reduction of E, is discerned when replacing V
by Mo, when comparing the low-temperature gap of GaV,Sg and GaMo4Sg. The
replacement of the transition metal site with the 5d element Ta also results in a
reduced band gap, as can be observed by comparison of GaV,Seg and GaTa,Ses.
When considering the gap energies obtained for GaNb,Seg and GaTa,Seg from the
resistivity measurements of Ref. [74], a similar reduction of E, can be found when
replacing Nb by Ta. These results indicate a decreasing trend of the bad gap when
going from 3d to 4d and 5d elements, suggesting a weakening of the correlations
within the series 3d — 4d — 5d.

Figure 6.4 shows the temperature dependence of the spectral weight transfer of
GaV,Sg, GeV,Sg, GaV,Seg, GaNbySg and AlV,Sg relative to 100 K. It has been
determined by integration the optical conductivity spectra up to 6000 cm™, so
that the frequency range of the band gap is covered. Generally, the area under
the conductivity spectrum is a measure of the electronic density [144]. Thus, the
analysis of the spectral weight transfer gives insight into changes of the electronic
structure and shifts of spectral weight from or towards higher energies. The data
shown in Fig. 6.4 reveal only a weak temperature dependence of the spectral weight
transfer up to 100 K, which is in the order of magnitude of 10 %. Weak anomalies at
the structural phase transition can be observed in GaV,Sg, GeV4Sg and GaNb,Sg,
which, however, do not exceed 10%. This again indicates a weak influence of
the structural transition on the electronic structure of the lacunar spinels, which
is in line with the temperature dependent analysis of the band gap shown in Fig. 6.3.

In conclusion, all studied lacunar spinels are characterized as narrow-gap semi-
conductors with gap sizes ranging from 130 to 400 meV. This holds not only for the
low-temperature distorted phase, but also for the high-temperature cubic phase,
a fact that is usually uncaptured by ab initio studies. Indeed, the temperature
dependence of the gap energy and of the spectral weight suggests that the electronic
structure is only weakly influenced by the structural transition. The systematic
study and comparison of a broad series of lacunar spinel compounds reveals a
decrease of the gap size when changing the ligand from S to Se, as well as when
replacing 3d ions with 4d and 5d ions at the transition metal site.
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Figure 6.4.: Temperature dependence of the spectral weight of GaV,Sg, GeV,4Sg,
GaV,Seg, GaNb,Sg and AlV,Sg relative to 100 K [169]. The spectral weight has
been determined by integration of the optical conductivity up to 6000 cm~!. For
better visibility the curves are shifted with respect to each other. The scale bar
denotes the relative change. Dashed vertical lines indicate the structural phase
transition temperature.
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7. Summary

In the course of this work the optical properties of two compound families of
multiferroics were studied in detail, namely the transition metal molybdenum oxides
M;Mo30g (M = Co, Fe, Zn) and a wide series of lacunar spinels AM; X5 (A = Ga,
Ge, Al; M =V, Mo, Nb, Ta; X = S, Se). By means of optical spectroscopy, a
broad energy range from THz frequencies over the FIR, MIR and NIR up to the
visible range has been covered, that allowed the probing of spin, lattice, orbital
and charge degrees of freedom in these multiferroic compounds. The main results
obtained on the different degrees of freedom are summarized in the following.

The THz spectroscopy measurements in the magnetically ordered phase of
CosMo30g reveal complex magnon spectra, far richer than expected for the pro-
posed four-sublattice collinear antiferromagnetic structure. While as a rule of
thumb the number of precessional magnon modes should be equal to the number
of magnetic sublattices, in the antiferromagnetic state of CooMo3Og 14 excitations
emerge already in zero magnetic field. Inelastic neutron scattering measurements
confirm the four-sublattice magnetic structure and, as expected, reveal two magnon
branches in zero field, which are in agreement with the two strongest modes ob-
served by THz spectroscopy. The magnetic field dependent optical measurements
with H || ¢ also support the easy-axis nature of CoaMo3Og. Thus, concerning
the unexpected large number of modes in CoyMo3Og, beyond the scope of linear
spin-wave theory, the possibility of transitions with AS > 1 is discussed and an
interpretation in terms of low-lying electronic transitions is considered. Moreover,
modes may be identified as spin-stretching modes with an oscillating spin length.
Along this line the optical measurements may provide the experimental basis for
future theoretical studies.

Polarization dependent measurements reveal the selection rules of the modes.
Besides the conventional magnetic dipole active magnon modes, purely electric
dipole active electromagnons, and both magnetic and electric dipole active mag-
netoelectric resonances are found in CosMo30Og. The dynamical magnetoelectric
effect was studied via the investigation of unidirectional transmission. Strong
directional dichroism is observed for some of the magnetoelectric resonances in
CosMo30g. In the case of directional dichroism, the absorption strength is related
to the trilinear product k - (P x M ). Within the course of this work, for the first
time this relation has been proven experimentally by independent switching of the
sign of k, P and M.
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In a next step, the THz spectroscopy data obtained on CosMo3Og are compared to
those of FesMo3Og and Feq g6Zng 14Mo30g. Similarly, the magnetic field dependent
measurements support the easy-axis character of the magnetically ordered phase,
although again the magnon spectra are more complex than expected from linear
spin-wave theory. Distinct from CosMo3Og and FesMo3Og, in the Feq ggZng 14Mo30g
spectra a vibronic excitation was identified.

FesMo3Og and especially Feq g6Zng14Mo3Og, with their comparatively low criti-
cal fields, allow to study the antiferromagnetic-to-ferrimagnetic phase transition
under magnetic fields H || ¢. As found by magnetization measurements, in
Feq g6Zng 14Mo30g this transition happens via a two-step process with two critical
fields H.; and Hgy. In this case, the field-dependent THz measurements reveal a
phase coexistence for Hy < H < Heo.

Pure FesMo3Og has also been investigated at higher energies in the IR range.
So far the structure of FesMosOg below Ty has still been under debate [60]. The
phonon study of FesMo3zOg was further motivated by recent neutron diffraction
data, which revealed short-range magnetic ordering in below 200 K, showing up
via an anomalous temperature dependence of the lattice parameter c¢. In line
with the latest low-temperature diffraction data, the FIR spectra exhibit no
signature of a symmetry lowering below Ty. The short-range ordering is reflected
in the optical data in the temperature dependence of some excitations and in the
occurrence of additional spectral features below 200 K, which are presumably of
combined vibrational and electronic origin. Furthermore, the E; phonon modes
show an anomalous nonmonotonic temperature dependence with a significantly
increased phonon lifetime in the antiferromagnetically ordered phase. In this case,
orbital degrees of freedom play a key role, with fluctuations of the direction of the
orbital moment on the tetrahedral Fe?*t sites getting quenched below Ty. Besides
the FIR excitations, the d-d transitions of tetrahedrally coordinated Fe?* were
identified in the MIR, with their finestructure reflecting the same energy scale as
the vibronic excitation observed in the Zn-doped Fe; ggZng 14Mo30s.

A broad series of lacunar spinels AM,; Xy has been studied in detail in the FIR
range to investigate the systematics of the phonon modes by sequential replacement
of the different atomic sites. The successive replacement of the elements at the A-
site, the transition metal M and the ligand site X allows to assign the observed
modes in the cubic phase to the different structural units. While the phonon
eigenfrequencies are strongly affected by the ligand, the A-site atoms influence the
relative spectral weight of the modes. Exchanging the M-site element has negligible
effect on the spectra. Thus, the strongest phonon modes of the lacunar spinels
are ascribed to vibrations of the A-site and the ligand site atoms. Temperature
dependent measurements allow to trace the Jahn-Teller driven symmetry lowering
transition via the occurrence of additional modes below Ty, however, in each case
only a subset of the zone-center IR allowed phonons was visible.
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The performed broadband reflectivity measurements on lacunar spinels up to
the visible range allow to study the systematics of the electronic band gap of
these semiconducting compounds. The gap is already open in the cubic state,
which is a feature commonly uncaptured by ab initio studies. The lacunar spinels
can be classified as narrow-gap semiconductors with a gap size between 130 and
400 meV, which is only weakly influenced by the structural transition. Comparing
the different compounds, the gap size gets reduced within the series of transition
metal sites from 3d to 4d and 5d elements, as well as when changing the ligand
from S by Se. Despite recently reported promising approaches, reproducing the
semiconducting behavior of the lacunar spinels is still a challenge for theory. Thus,
these results from optical spectroscopy may provide a solid experimental basis for
future theoretical studies.
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A. Appendix

A.1. Simulation of the vibronic excitation in
Fei.86Zng.1aM030g

In the following the basic aspects of the simulation of the vibronic excitation in
Fey g6Zng.14Mo30g by Benjamin Csizi will be elucidated, as published in Ref. [57].

Following the approach of Refs. [198,199], in the case of linear electron-phonon
coupling the normalized absorption spectrum at 7" = 0 is given by

I(w) = /f(t)ei“tdt, (A.1)

where f(t) is the generating function
f(t) — efiwoz‘/fS(t:O)+S(t)7 (AQ)

with wy being the frequency of the zero-phonon line. S(t) is given by

S(t) = /s(w)e_w dw, (A.3)

where s(w) is the coupling function. For the simulation the following empirical
coupling function by Rétsep et al. [200] was used:

2 3
s(w) = exp (—i> ww% + exp (—i> v b:f (A.4)

The generating function f(¢) can be written in an expansion in S(t). From this it
follows for I(w):

Iw)y=e5>" %Fn(w) (A.5)
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A. Appendix

The parameter n corresponds to the number of phonons taking part in the vibronic
absorption process. I',,(w) is given by

T (w) = 7ei<ww0>t {%r dt, (A.6)

— 00

which for n > 1 can be calculated iteratively according to

I, (w) = / L1 ()T (w0 4 wp — o) de (A7)

—00

Finally, the normalized absorption spectrum I(w) is related to the experimental
absorption spectrum «a(w) by a scaling amplitude A:

aw)=A-I(w) (A.8)

The simulation of the broad vibronic absorption band in Fe; ggZng 14Mo30g uses
n = 3 phonons and the following parameters: wy = 12cm™!, S; = 0.02, Sy = 1.1,
w=12ecm ™!, wy =3.6cm™! and A =2.4-103cm™!.
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A.2. Neutron and x-ray diffraction on FeaMo3Og

A.2. Neutron and x-ray diffraction on Fe,Mo30Og
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Figure A.1.: Top frames: Temperature evolution of the 100 and 204 reflections
from high-resolution synchrotron and neutron measurements. Bottom frame:
Neutron diffraction data at 1.7 K and corresponding Rietveld refinement using
the P63mc symmetry. The ticks mark the peak positions, the black line at the bot-
tom shows the corresponding difference pattern. The measurements were performed
by Dr. Alexander Tsirlin and Dr. Nazir Khan at the Swiss Neutron Source (SINQ)
at the Paul Scherrer Institute (Villigen, Switzerland) and at the MSPD synchrotron
beamline of ALBA (Barcelona, Spain).
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A. Appendix

A.3. Phonon frequencies of Feo,Mo30g from DFT

Table A.1.: Phonon frequencies (in cm™?) calculated by Dr. Alexander Tsirlin by
DFT+U+SO0 for 1.7 and 275 K. Calculations were performed for ferromagnetic (fm)
and antiferromagnetic (afm) order as well as for a uncorrelated non-magnetic
state (nonmag).

T=17K T =275K T=17K T =275K
nonmag fm afm fm  afm nonmag fm afm fm  afm

Al Bl
724 792 787 789 784 739 824 815 821 812
694 733 734 730 730 707 739 738 736 734
547 653 651 653 651 540 650 647 648 648
461 568 558 565 H63 483 594 586 593 591
423 456 454 455 452 427 491 481 492 483
387 453 444 453 447 377 450 449 448 446
275 363 365 363 365 290 356 363 355 362
236 267 262 267 264 212 251 253 251 253
154 207 201 207 203 167 212 208 213 212
132 156 155 155 154

AQ BQ
486 438 434 437 435 483 431 427 428 428
450 405 403 405 402 461 416 413 417 412
138 139 141 139 142 141 141 143 141 144

Ey Es
691 744 750 742 745 690 748 751 745 747
558 570 577 567 570 560 565 572 562 564
522 520 522 518 520 517 525 525 522 524
490 482 481 482 480 489 481 482 480 479
449 471 473 467 467 460 469 472 458 467
437 450 455 450 448 420 453 453 454 447
307 347 351 346 351 302 353 359 351 357
295 318 312 319 313 288 333 334 334 334
221 273 286 274 282 222 262 277 262 274
195 219 223 218 222 191 211 215 210 212
163 186 191 187 189 167 184 191 184 191
146 157 162 157 159 142 145 147 145 145

44 68 77 66 71
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A.4. Alternative level scheme for tetrahedral Fe?" in FesMo3Og

A.4. Alternative level scheme for tetrahedral Fe2t
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Figure A.2.: Alternative crystal-field level scheme of tetrahedral Fe?™ adapted

from Ref. [44].
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