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Chapter 1

Introduction

In 1845 Michael Faraday discovered that the polarization of a linearly po-
larized light beam is rotated upon propagating through a media which is
placed in a magnetic field parallel to the propagation direction [1, 2]. This
experiment was among the firsts, which indicated the intimate relationship
between the magnetic field and the light. Moreover, it initiated a research
for materials showing optical cross effects, in which the fast manipulation
of the light beam in sense of its intensity or its polarization can be realized
via external fields. Nowadays, crystals showing large magneto-optical effects
are widely used in optical isolators (Faraday rotators, optical circulators),
mode-conversion waveguides and optical data storage [3].

In addition, the Faraday effect, and its counterpart in reflection, the
magneto-optical Kerr effect (MOKE), are widely used to detect the mag-
netization of materials [4, 3]. The MOKE offers a unique tool for the de-
termination of the surface magnetization of thin films with even higher sen-
sitivity then the superconducting quantum interferometer devices (SQUID).
The combination of microscopy and magneto-optical effect allowed the ob-
servation of magnetic domain walls in ferroferromagnets and vortecies in
a superconductor [5, 6]. Thank to the optical detection, the dynamics of
the magnetization can be followed in time domain with picosecond reso-
lution, opening a way toward the optically excited magnetic resonance, or
the real-time investigation of spin diffusion in semiconductors [7, 8]. Beside
the real space observation of the magnetization, broad-band magneto-optical
spectroscopy gives fundamental information about the spin polarized band
structure in magnetic solids [9].

In the last decades, the existence of several new magneto-optical effect was
confirmed experimentally in magnetic matter with low spatial symmetry [10,
11, 12]. An interesting family of these new effects is the directional dichroism,
when the absorption of the light beam is different for the counter propagating
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rays irrespective to their polarization state. Directional dichroism can arise
in two different situations; in a chiral media exposed to a magnetic field and
in a both paramagnetic and paraelectric crystal placed in crossed electric
and magnetic fields. Though these new magneto-optical effects would be
interesting from technological point of view, their small magnitude in usual
materials do not make them attractive for real applications.

The goal of my PhD work is to investigate materials showing interesting
magneto-optical effects and the tailoring of novel compounds with unique
properties for optical applications and information technology. The study of
such compounds over an extended range of magnetic field and temperature
often provides fundamental information about the complex magnetic states
and gives a clue for the well-controlled syntesis of new systems.

I have examined the magneto-optical effects for various types of excita-
tions ranging from inter- and intraband transitions of electrons, via optical
phonons in magnetic insulators to spin waves in a multiferroic material. Fol-
lowing a brief introduction about the light-matter interaction and the experi-
mental methods, the chapters in this thesis discuss the excitations of different
degrees of freedom in magnetic crystals as introduced above.
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Chapter 2

Fundamentals of the
light-matter interaction

Optical spectroscopy probes the properties of matter via its interaction with
light over a broad region of the wavelength. The fundamentals of the interac-
tion between light and matter are summarized in this chapter to support the
interpretation of the forthcoming experimental results. After the definition of
the optical observables, various magneto-optical phenomena are introduced
on the basis of symmetry considerations. Finally, a microscopic description
of the optical excitations is given in the framework of the linear response
theory.

2.1 Electromagnetic plane-waves

The wave equations derived from the Maxwell equations in vacuum (far
from the charges and currents generating the radiation) have monochromatic
plane-wave solutions with purely transverse character:

△E(r, t) =
1

c2
∂

∂t
E(r, t),

E(r, t) = Eoe
i(qr−ωt), (2.1)

where c is the speed of light in vacuum and Eo is the complex polarization
vector [1]. The q wave vector and the Eo electric polarization vector com-
pletely describe the electromagnetic radiation, since the Maxwell equations
relates the magnetic component, Bo, to the electric field according to

B(r, t) = Boe
i(qr−ωt),

ωBo = q× Eo. (2.2)
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The dispersion relation, ω=c|q|, and the transversality give three constrains,
thus, two real parameters determine the propagation direction and four real
parameters belong to Eo for a plane-wave with given ω. Physically the four
parameters mean the intensity, |Eo|2 the global phase of the wave, the az-
imuth, θ, and the ellipticity, η. In the experiments the change in these
quantities upon the transmission of the light beam through the medium or
upon its reflection back from the surface of the material is detected. The
light scattering and the depolarization effects are not relevant, hence they
are neglected in the following studies.

Let’s focus on the polarization state of light and fix the wave propagation
along the z-axis:

E(r, t) =

 Exo

Eyo

0

 ei(qz−ωt). (2.3)

In the most general case, the tip of the electric field vector traces out an
ellipse in time at a fixed position in space.

q
h

Ey

Ex

Figure 2.1: The polarization ellipse is described by the azimuth, θ and the
ellipticity, η. In the figure the propagation direction is perpendicular to the
plane of the paper. The azimuth is the angle between the major axis of the
polarization ellipse and the x-axis, while the tangent of the ellipticity is the
ratio of the minor and major axes of the polarization ellipse [2].

The incident beam is often prepared to be in the linearly polarized state,
e.g. polarized along the x-axis. After the beam is reflected back from the
sample surface or transmitted trough it, the polarization state becomes el-
liptical in general (see Fig. 2.1). The polarization rotation, θ is the angle
between the major axis of the polarization ellipse and the polarization direc-
tion of the incident beam, while tangent of the ellipticity, tan(η), is the ratio
of the minor and major axes of the polarization ellipse [2]. The polarization
rotation and ellipticity are related to the electric field, Eo by the following
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formula [2]:
tan θ + i tan η

1− i tan θ tan η
= −Eyo

Exo

. (2.4)

2.2 Symmetry and magneto-optical effects

In this section symmetry arguments are used to classify the possible magneto-
optical effects for low-intensity light beams, when the light-matter interaction
can be treated as a small perturbation. In order to investigate polarization
dependent phenomena, let us imagine that our crystal is exposed either to
right or to left handed photons which are the helicity eigenstates of light.
In the definition of the circularly polarized states, we follow the convention
that rotation of the electric field is viewed from point of view of the receiver
(see Fig. 2.2). Upon the propagation the different absorption coefficient or
refractive index in the two cases changes the amplitude or the phase of the
two circular states in a different manner. These anisotropies are denoted as
circular dichroism (CD) and circular birefringence, respectively [2, 3].

As far as the parity violating weak interaction can be neglected, the
interacting system of the light and the crystalline matter is invariant under
time-reversal and space inversion symmetry. Therefore, the results of the
time reversed or the space inverted experiments have to be the same [2].
When the propagation of a right handed beam is considered toward the
direction q, then in the time reversed experiment the wave vector will change
sign to -q and the helicity remains the same. While in the space inverted
experiment both the propagation direction and the helicity changes sign,
thus the light will become left handed and will propagate backward with the
wave vector -q (Fig. 2.2). Therefore, the symmetries connect the four states
corresponding to the two circular polarizations, propagating along ±q. Note
that these symmetry operations have to be applied to the matter as well in
order to get the whole experiment reversed in time or inverted in space.

2.2.1 Magneto-optical activity

When the experiments introduced above are performed on a material with
cubic, m3m symmetry, the optical properties are found to be the same for
right and left handed light irrespective to the propagation direction as both
the inversion and the time-reversal operation leave the crystal in the same
state. The cubic symmetry also excludes the possibility of any linear bire-
fringence or dichroism.

However, if this crystal is placed in a static magnetic field, B, or shows
a spontaneous magnetization, M, the direction of the magnetic field and the
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R

Figure 2.2: The inversion symmetry (i) reverses the propagation direction
of the beam and interchanges the right (R) and left (L) circularly polarized
states. The time-reversal symmetry (T) only changes the sign of the wave
vector from q to -q.

i

T

i

B B

B B

Figure 2.3: A circularly polarized light beam propagates in a cubic crystal
which is exposed to an external magnetic field, B. The time-reversal symme-
try requires that the optical properties for the counter propagating beam with
the same helicity should be the same in the reversed magnetic field. There-
fore, for certain field direction the optical properties will be different for the
two counter propagating beams with the same circular polarization.

magnetic moments in the crystal are reversed in the time-reversed experi-
ment (see Fig. 2.3). Therefore, the equivalence of the counter propagating
beams with given helicity does not hold any more and their optical prop-
erties can be different. Consequently, the real part of the refractive index
and absorption coefficient for the two circularly polarized states propagating
to the same direction can be different which results in a magnetic circular
birefringence and magnetic circular dichroism (MCD). The sign of the bire-
fringence and the MCD is reversed for the counter propagating light beam.
The linearly polarized state which is the equal superposition of the two circu-
lar modes is not an eigenstate anymore. More precisely, its propagation can
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not be described by a single a refractive index. Hence, the linear polarization
generally becomes elliptical with the major axis rotated away from the inci-
dent polarization direction due to the different phase and amplitude change
for the two circular polarizations as shown in Fig. 2.4. In transmission this
phenomenon is called Faraday effect or MCD, while in reflection geometry
the term magneto-optical Kerr effect is used [3]. Finally, we note that the
refractive index will be the same when both the propagation direction and
the circularity are reversed as the inversion symmetry is kept intact.

L R L R
L

R

 

!~k
R
-k
L

Circular birefringence,

polarization rotation

Circular dichroism,

ellipticity

Incident light

with linear polarization

Figure 2.4: The incident light beam with linear polarization is the equal su-
perposition of the two circularly polarized states. The difference in the real
part of the refractive index for the two circular polarizations called circular
birefringence results in a phase difference for the two states upon transmis-
sion or reflection. Therefore, the polarization of the incident beam is rotated.
On the other hand, the absorption difference for the two helicities termed as
circular dichroism (CD) causes the ellipticity.

The non-reciprocity of the Faraday effect is used to avoid back reflec-
tion to the source in optical communication or in radar technology [3]. The
radiation coming from the source is polarized linearly and passes through a
transparent material placed in a magnetic field called optical isolator. For an
appropriate strength of the field the isolator rotates the polarization by 45◦.
The light back reflected from any part of the optical path passes through the
isolator again and it experiences another 45◦ polarization rotation. Hence, it
is filtered out by the polarizer.

2.2.2 Natural optical activity

Circular anisotropy can also arise in the absence of the inversion symme-
try even in a nonmagnetic crystal, which phenomenon is termed as natural
optical activity (see Fig. 2.5). Similarly to the magnetic case, this effect
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causes the rotation of the linear polarization in a transparent medium, while
in an absorbing material the so-called natural circular dichroism (NCD) can
be observed. Unlike the magnetic circular anisotropy, the natural optical
activity is insensitive to the propagation direction, due to the presence of the
time-reversal symmetry for the material. In general, natural optical activity
arises in chiral materials which do not have any rotary-reflection symmetry,
n, in their point group [2].

i

T

i

L

L

R

R

Figure 2.5: Chiral crystals exist both in purely left- and right-handed forms
due to the lack of rotary reflection symmetry. These crystals posses natural
optical activity, since the inversion symmetry interchanges the two forms
of the crystal and reverse the helicity of the probing light beam, as well.
Consequently, in a material with given handedness the two circularly polarized
states of light behave differently for the same propagation direction.

Basis molecules of living organism are often chiral, such as sugars, pro-
teins or DNA, and only their right- or left-handed form exists naturally. The
study of the natural optical activity over a broad spectral range gives valuable
information about the structure of these molecules. Moreover, the measure-
ment of NCD when a crystalline sample is not available is a unique method
(beside NMR) for such structural studies. Therefore, mainly motivated by
life sciences NCD spectroscopy has been developed from the infrared up to
the x-ray photon energy region [2, 4, 5].

2.2.3 Directional dichroism

Materials with low spatial symmetry can show additional magneto-optical
effects [2, 6]. Following our previous example, let us consider that the point
group of an originally cubic crystal reduces to 432 from m3m, i.e. each rotary-
reflection symmetry is lost, and the material becomes chiral. When such a
crystal is placed in a static magnetic field, the optical properties will be dif-
ferent for each of the four basic polarization states, namely for the two circu-
larly polarized states of both the forward and backward propagating beams.
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Therefore, optical properties can depend on the sign of the wave vector even
for unpolarized light. This phenomenon is termed as the magneto-chiral ef-
fect. In 1997, Rikken et al. was the first observer of the magneto-chiral
effect reporting about the intensity difference for counter propagating lumi-
nescent light beams from a rare-earth complex placed in a magnetic field
[7]. Similarly, the absorption difference for unpolarized light when propagat-
ing parallel or antiparallel to the magnetization of the media, namely the
magneto-chiral dichroism (MChD) has been also found for visible light in
chiral molecular magnets [8]. However, to date MChD is recognized to be a
weak effect [9].

To classify the directional anisotropies for unpolarized light beam in gen-
eral, the symmetries connecting the counter propagating states should be
systematically eliminated from the symmetry group of the crystal. As we
have already seen, the presence of the time-reversal ensures that the radiation
propagates along q and -q in an identical manner irrespective of the polar-
ization. Therefore, directional anisotropy requires the presence of a property
odd in time-reversal, such as the magnetization M. Now, let’s find the largest
symmetry group supporting directional anisotropies, if we fix the magneti-
zation pointing along a given direction, e.g. the z-axis. Among the pure
rotations only the n-fold axis parallel to the magnetization, nz, is allowed.
Two fold rotations with perpendicular axis respect to the magnetization, 2⊥,
are allowed only if the rotation is followed by a time-reversal operation, 2′⊥.
In our notation prime means that the given symmetry element is combined
with the time-reversal operation. Since the magnetization defines a unique
axis, no further rotational symmetries can be found. The direct product of
the group generated by the rotations listed above and the inversion symme-
try (neither broken by the magnetization which is an axial vector) gives the
largest symmetry group n/mm′m′. The inversion symmetry transforms the
polar vector q to -q, inhibiting any form of the directional dichroism, thus
only the non-centrosymmetric subgroups are further investigated. Without
the loss of generality, the propagation direction is specified to lie along a high
symmetry direction, either parallel to M (q||M||z) or perpendicular to M
(q||x⊥M). When the propagation direction is parallel to the magnetization,
in order to have a directional anisotropy, all of the mirror plane and rotary
reflection symmetries need to vanish and the crystal has the n2′2′ chiral point
group or its subgroup. The effect emerging under these conditions is nothing
but the magneto-chiral effect introduced above where the refractive index
and the absorption coefficient depend on the scalar product q·M [10, 11, 2].

In the other case, when the wave vector is perpendicular to the magne-
tization, the order of the n-fold axis pointing parallel to the magnetization,
must be odd, otherwise, the symmetry group contains 2z, which reverses the
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propagation direction. Therefore, nz could be only 1 or 3 in crystalline solids.
When nz=1 only mz is possible among the corresponding rotary reflections
and one 2′⊥ axis can exist within the plane perpendicular to M. Therefore,
for nz=1 the largest symmetry group which allows directional anisotropy is
m′

x2
′
ymz. This group is not chiral but polar, thus, it supports the onset of

ferroelectricity with polarization, P, pointing along the y axis. The direc-
tional anisotropy under these circumstances is also termed in the literature
as magnetoelectric directional anisotropy or optical magnetoelectric effect
(OME) [12, 13]. Recently, such magnetoelectric directional anisotropy has
been observed in isotropic, paramagnetic materials placed in crossed mag-
netic and electric field [12]. Multiferroics, materials simultaneously showing
spontaneous electric polarization and magnetization can be ideal hosts for
large optical magnetoelectric effect. However, only weak effects have been
reported so far for the broad spectral region from the near infrared to the
x-rays [13, 14, 15]. In the case of the optical magnetoelectric effect the
propagation direction is perpendicular both to the magnetization (q⊥M)
and the spontaneous polarization (q⊥P). In the theory of multiferroic ma-
terials the toroidal moment, T, is introduced as T=P×M, which is useful
to conveniently express the magnetoelectric directional anisotropy via q·T
[13, 14, 15]. Finally, we discuss the nz=3 case, which allows 3z and three 2′⊥
axis within the plane perpendicular to M. These symmetry operations gen-
erate the point group m′

x2
′6z, which is neither chiral nor polar. According to

our knowledge the directional dichroism has not studied in this geometry so
far.

For a deeper understanding of the optical response in solids with arbitrary
crystal symmetry, one can go beyond such pictorial symmetry analysis and
investigate the tensors describing the optical properties by using Neumann’s
principle.

2.3 Optical property tensors

In this thesis, linear optical effects are considered, which means that the in-
tensity of the light beam probing the properties of matter is small. Therefore,
the microscopic approach can be formulated in the framework of the linear
response theory and the elements of the optical property tensors can be cal-
culated using Kubo’s formula. Although quasi-particle excitations of various
degrees of freedom can be described by this formalism, including phonons
and magnons, for the sake of simplicity the main aspects of the theory will
be introduced for electronic excitations.

The spin-orbit coupling plays an important role in magneto-optical ef-
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fects, since it affects the motion of the electrons in proportional to their spin
magnetization. To describe such effects, relativistic corrections have to be
included up to the order of 1/c2 in the Hamilton operator of the electronic
system, Ho. The term describing the light-matter interaction, Hint, is treated
as perturbation in the Hamiltonian:

H = Ho +Hint, (2.5)

where Ho determines the energy eigenvalues, En and the corresponding eigen-
states |n⟩ without the presence of the radiation. The interaction term has
the following form for a single electron when the relativistic effects are taken
into account [16]:

Hint = − e

2m
(pA+Ap) +

e2A2

2m
+ eϕ− e~

2m
σB

− e~
8m2c2

σ[2En × (−eA) + E× p− p× E+ 2E× (−eA)]

− e~2

8m2c2
∇ · E, (2.6)

where the vector potential, A, the scalar potential, ϕ, the electric field, E,
and the magnetic field, B, contain contributions from the radiation field only,
while En is the lattice periodic electric field of the core atoms. The last three
terms, the spin Zeeman term, the spin-orbit interaction and the Darwin term,
respectively, are the corrections from the Dirac equation.

The spatial variation of the radiation is negligible on the scale of the
electronic states and the lattice periodicity in crystals in most cases relevant
to optics. This condition justifies the long wavelength approximation which
is natural for localized electrons in insulators. Moreover, it is valid in most of
the metals since the mean free path is shorter than the skin depth at optical
frequencies [17]. Therefore, the spatial dependence of the electromagnetic
field can be Taylor expanded [2]:

Eα(r) = Eα + ∂βEαrβ,

Bα(r) = Bα + ∂βBαrβ. (2.7)

The following gauge choice of Barron and Gray gives the 2.7 expansion for
E(r) and B(r):

ϕ(r) = ϕo − Eαrα − 1

2
∂βEαrαrβ + . . .

Aα(r) =
1

2
εαβγBβrγ +

1

3
εαγδ∂βBγrβrδ + . . . (2.8)
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After the substitution of the formula 2.8 for the potentials into 2.6, the
interaction Hamilton becomes:

Hint = −µαEα −mαBα − 1

3
Θαβ∂αEβ −

e~
4m2c2

εαβγEαpβσγ

− e2~
8m2c2

BαεαβγrβεγδκσδE
n
κ , (2.9)

where

µα = erα, mα = e
2m

(Lα + 2Sα), Θαβ = e
2
(3rαrβ − r2δαβ)

are the usual electric dipole (E1) magnetic dipole (M1) and electric quadrupole
(E2) operators. In the interaction Hamiltonian 2.9 only the first order terms
in the external field are kept and the spatial variation of the electromagnetic
field is neglected in the relativistic terms. Since the charges, generating the
electromagnetic radiation, are far from the place where the light interacts
with matter, Darwin term vanishes.

The Eq. 2.9 is referred to as the dynamic multipole interaction Hamilto-
nian [2] as it is a temporal extension of the multipole expansion widely used
for static fields. The physical meaning of relativistic correction proportional
to the electric field is that the electric field is transformed to a magnetic
field via Lorentz transformation for a fast-moving spinning particle [1], while
the magnetic field dependent correction describes the change in the orbital
magnetic moment due to the relativistic correction in the velocity operator.

The response of the different oscillating multipole moments to the elec-
tromagnetic radiation is described by the optical property tensors. If an
external perturbation is coupled to operator B according to Hint=Bf ωe

−iωt

then the change in the expectation value of the operator A is given by
⟨δA(ω)⟩=KAB(ω)f ω [18]. According to Kubo, the KAB(ω) linear response
function has the following form [18]:

KAB(ω) =

∫ ∞

0

i

~
⟨[A(t), B(0)]⟩oeiωtdt, (2.10)

where ⟨. . .⟩o means thermal and quantum mechanical average over the un-
perturbed equilibrium states.

Over the infrared-ultraviolet spectrum of the electromagnetic radiation,
the leading term in the light-matter interaction is usually captured by the
charge susceptibility, χee

αβ≡χαβ which describes the electric polarization in-
duced in the material by the electric field of light:

Pα = εoχαβEβ, (2.11)
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where εo is the vacuum dielectric constant. Alternatively the dielectric func-
tion, εαβ, is often used, which relates the electric field to the electric field
displacement, Dα:

Dα = εoεαβEβ,

εαβ = δαβ + χαβ, (2.12)

where δαβ is the Kronecker delta.
The charge susceptibility can be calculated from Kubo’s formula [18]:

χαβ = − 1

~V εo

∑
n,m,i,j

e
− En

kBT − e
− Em

kBT

Z
⟨n|µα(i)|m⟩⟨m|µβ(j)|n⟩

1

ω − ωnm + iγ
,

(2.13)
where µα(i) is the dipole moment operator of the i-th electron, kB is the
Boltzmann constant, T is the temperature and ~ωnm=En-Em. The 2.13
expression of χαβ contains only the E1-E1 processes, i.e. the electric polar-
ization is induced by an electric dipole transition.

Time-reversal symmetry gives the following constrain between the ele-
ments of a general response function KAB:

KAB(ω,B) = εAεBKBA(ω,−B), (2.14)

where εA (εB) is equal to ±1 whether operator A (B) is a time-reversal even
or odd quantity [18]. It is convenient to divide the matrix elements to a real
and an imaginary part:

K ′
AB ∝ ℜe{⟨n|A|m⟩⟨m|B|n⟩} 1

ω − ωnm + iγ
,

K ′′
AB ∝ ℑm{⟨n|A|m⟩⟨m|B|n⟩} 1

ω − ωnm + iγ
, (2.15)

since they are symmetric and antisymmetric combinations of operator A and
B respect to their exchange:

K ′
AB(ω,B) = εAεBK

′
AB(ω,−B),

K ′′
AB(ω,B) = −εAεBK ′′

AB(ω,−B). (2.16)

The electric dipole operator is a quantity even in time-reversal, i.e. εµ=1,
therefore, according to Eq. 2.14 the charge susceptibility χαβ is a symmetric
tensor in the absence of magnetic field or magnetization. This implies that
even in the lowest crystal symmetry, χαβ has only three complex eigenvalues.
Due to the different refractive indexes for the principal axes, the propagation
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of light depends on the orientation of its linear polarization, thus, these
materials will show linear birefringence and dichroism [19]. In the cubic case
a single complex refractive index determines the optical properties.

However, antisymmetric off-diagonal components of the χαβ tensor ap-
pears even in cubic crystals in the presence of an external magnetic field
or spontaneous magnetization. The charge susceptibility tensor has the fol-
lowing form in cubic systems when the magnetization, M, is parallel to the
z-axis:

χαβ =

 χxx χxy 0
−χxy χxx 0
0 0 χzz

 . (2.17)

The diagonal elements are even function of the magnetization, while the
off-diagonal components are odd in M. The susceptibility tensor in the
expression 2.17 has three eigenvalues: χzz and χ±=χxx ± iχxy. The later
two determines the refractive index for the left- and right-handed photons
propagating along the direction of the magnetization.

In case of the magneto-optical Kerr effect, when linearly polarized light
with normal incidence is reflected back from the surface of the magnetic
media with magnetization parallel to the propagation direction, polarization
rotation and ellipticity are generated proportional to the off-diagonal element
χxy:

θKerr + iηKerr ≈
−χxy

χxx
√
εxx

, (2.18)

for small Kerr-rotation, θKerr and Kerr-ellipticity, ηKerr [3].
Besides the charge susceptibility and the dielectric function, the optical

conductivity connecting the electric field and the charge current is often used
in the literature as

jα = σαβEβ, (2.19)

where jα is the current density [1, 17]. When only the electric dipole ex-
citations are considered, the charge susceptibility is related to the optical
conductivity according to

χαβ =
iσαβ
ωεo

. (2.20)

For a non-interacting electron system in a cubic crystal, the diagonal and
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the off-diagonal optical conductivity has the following form:

ℜe{σxx} =
e2π

2m2V ~
∑
k,n,m

[f(ϵn(k))− f(ϵm(k))]

ωnm

× [|⟨n,k|p+|m,k⟩|2 + |⟨n,k|p−|m,k⟩|2]δ(ω − ωnm),

ℑm{σxy} =
e2π

4m2V ~
∑
k,n,m

[f(ϵn(k))− f(ϵm(k))]

ωnm

× [|⟨n,k|p+|m,k⟩|2 − |⟨n,k|p−|m,k⟩|2]δ(ω − ωnm), (2.21)

where ϵn(k) is the single particle energy of the electron in the |n, k⟩ state,
f(ϵn(k)) is the Fermi function and p±=px±ipy is the momentum operator in
circular basis [20]. Note that the crystal momentum, k is conserved in optical
excitations due to the small momentum transfer, i.e. the long wavelength of
the radiation. According to Eq. 2.21, the real part of the diagonal optical
conductivity describes the absorption of light for left and right circularly
polarized photons in average. The measurements of the diagonal conductivity
gives fundamental information about the band structure. If the frequency
dependence of the matrix elements are neglected, σxx is proportional to the
joint density of states, ρj(ω) :

ρj(ω) =
∑
k

∑
n∈occ

∑
m∈unocc

δ(ω − (ϵn(k)− ϵm(k))), (2.22)

where the sum
∑

n∈occ goes through the occupied states, while
∑

m∈unocc
counts the unoccupied states. On the other hand, the imaginary part of the
off-diagonal conductivity is the difference between the two absorption spectra
corresponding to the circular polarizations. In magnetic system the circular
dichroism, ℑm{σxy} measures the orbital magnetization as p± acts on the or-
bital part of the wave function, while keeps the spin part of the wave function
intact, as far as spin-orbit interaction is neglected. More rigorously, Kunes
and Openeer proved that the imaginary part of the off-diagonal conductivity
satisfies the following sum rule [21]:∫ ∞

0

ℑm{σxy}(ω)dω = − πe2

2mV ~
⟨(R×P)z⟩, (2.23)

where (R×P)z is the z component of the total orbital angular momentum.
However, in ferromagnets the spin magnetization partially polarizes the or-
bitals through the spin-orbit coupling, which gives the possibility to inves-
tigate the spin dependent density of states by measuring the off-diagonal
conductivity spectrum.
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Figure 2.6: The two basic line shapes in magneto-optical spectroscopy. In this
demonstration a completely spin polarized singlet ground state is assumed.
The diamagnetic line shape occurs if the spin-orbit splitting of the final states
is smaller than the life time. While paramagnetic line shape is observed, when
the transitions are well separated or if only the matrix elements differ for the
two circular polarization. [22]

In magneto-optical spectroscopy two types of line shapes are distinguished
in the off-diagonal conductivity, as presented in Fig. 2.6 [23, 22]. The so-
called diamagnetic transition is characteristic for spin and orbitally allowed
transition such as charge transfer transitions [23, 22, 3]. In this case the
magneto-optical signal is caused by the splitting of a transition due to spin-
orbit coupling (see Fig. 2.6). If the transition occurs in a broad continuum
or the inverse lifetime of the transition is larger then the spin-orbit splitting,
the difference of the absorption for the left and the right handed photons,
i.e. the imaginary part of the off-diagonal conductivity has a derivative line
shape. On the other, if the excitation energy is the same for the two circularly
polarized photon, but the corresponding matrix elements are different or the
lifetime is long, the imaginary part of the off-diagonal conductivity has a peak
structure at the excitation energy. The later is termed as paramagnetic line
shape, which is mostly observed for spin or orbitally forbidden transitions
[23, 22, 3].

When further multipole moments describing the light-matter interaction
are relevant in the 2.9 Hamiltonian, new response functions appear in the
calculation of the electric polarization:

Pα = εo(χ
ee
αβEβ + Aαβγ∂βEγ) +

√
εo
µo

χem
αβµoHβ. (2.24)

The magnetoelectric tensor, χem
αβ responsible for the magnetic field induced

electric polarization and the Aαβγ tensor describes the electric polarization
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induced by the quadrupolar electric component of the radiation. These new
response functions correspond to the E1-M1 and the E1-E2 excitations, re-
spectively:

χem
αβ = − 1

~V

√
µo

εo

∑
n,m,i,j

e
− En

kBT − e
− Em

kBT

Z
⟨n|µα(i)|m⟩⟨m|mβ(j)|n⟩

1

ω − ωnm + iγ
,

Aem
αβγ = − 1

~V εo

∑
n,m,i,j

e
− En

kBT − e
− Em

kBT

Z
⟨n|µα(i)|m⟩⟨m|Θβγ(j)|n⟩

1

ω − ωnm + iγ
.

(2.25)

The matrix elements vanish unless the transition is both electric dipole and
magnetic dipole allowed or both electric dipole and electric quadrupole al-
lowed. These conditions are satisfied only in the simultaneous lack of in-
version and mirror symmetries. The optical activity of solids is caused by
the magnetic field even components of the χem

αβ and the Aαβγ tensors, while
magneto-chiral effect and the magnetoelectric directional anisotropy are re-
lated to the magnetic field odd components [2]. For short wavelengthes, the
contributions from the quadrupole process are usually neglected, but the
Aαβγ tensor is important in the discussion of x-ray spectra [14].

The multipole expansion gives rise to new terms in the induced magneti-
zation, as well:

Mα = χmm
αβ Hβ +

√
εo
µo

χme
αβEβ, (2.26)

where the χmm
αβ is the usual magnetic susceptibility, while χme

αβ describes the
electric field induced magnetization. The two magnetoelectric tensors, χem

αβ

and χme
αβ are not independent, but they fulfil the following relations according

to Kubo’s formula:

χme
αβ = [χme

αβ ]
′ + i[χme

αβ ]
′′,

χem
αβ = [χme

βα ]
′ − i[χme

βα ]
′′. (2.27)

The response functions [χme
αβ ]

′ and [χme
αβ ]

′′ correspond to the real and the
imaginary part of the matrix element, respectively, similarly to Eqs. 2.15.
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[17] M. Dressel and G. Grüner, Electrodynamics of solids: optical properties
of electrons in matter (Cambridge University Press, Cambridge, 2002).
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Chapter 3

Experimental techniques and
methods

Nowadays, a rich variety of techniques in optical spectroscopy are available
over a broad photon energy range [1, 2]. In this chapter, I briefly introduce
those methods, which were used in our experiments. First, conventional se-
tups for visible-ultraviolet and for infrared spectroscopy are described. Then,
a high-sensitivity polarization modulation technique adapted for these spec-
trometers is discussed. Finally, a phase sensitive technique working in the
long-wavelength terahertz region is introduced, which was developed owing
to the recent advances in the field of the femtosecond LASERs.

3.1 Optical spectroscopy at visible and in-

frared energies

3.1.1 Experimentally detected response functions

Due to the experimental difficulties with the phase-sensitive detection of
electromagnetic radiation, only the light intensity (the reflectivity and the
power transmission) is most commonly measured. In the presence of strong
absorption, the reflectivity can be detected, while the investigation of weak
resonances is more convenient in transmission geometry. According to Fres-
nel, the normal incidence reflectivity, R, of an interface between vacuum and
an isotropic media or a cubic crystal has the following form:

R =

∣∣∣∣∣
√

µ
ε
− 1√

µ
ε
+ 1

∣∣∣∣∣
2

. (3.1)
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This is valid when the polarization is maintained upon the reflection, i.e. the
crystal is neither chiral nor magnetic [2, 3]. The formula 3.1 expresses that
the origin of the reflectivity is the impedance mismatch between the vacuum
and the solid as Z=

√
µ
ε
is the relative surface impedance of the matter respect

to the vacuum [2]. The power transmission, T, for a slab from the same cubic
crystal, is

T = (1−R)2e−αd, (3.2)

where α is the absorption coefficient and d is the thickness of the slab. In
the expression 3.2 the effect of multiple reflections are neglected.

In the following, we focus on the reflectivity since our experiments were
performed mainly in reflection geometry. Above the energy of the spin excita-
tions the magnetic permeability is approximately µ=1, thus, the reflectivity
is solely characterized by the dielectric function. However, the normal inci-
dence reflectivity at a given wavelength does not fully determine the complex
dielectric function, ε. To avoid this uncertainty, Kramers-Kronig transfor-
mation is used to calculate the phase shift of the electromagnetic radiation,
upon reflection:

ϕ(ω) = −ω
π

∫ ∞

0

ln[R(ω′)]− ln[R(ω)]

ω′2 − ω2
dω′. (3.3)

Since the reflectivity cannot be obtained over the entire spectral range in
a real experiment, beyond the spectral region of the measurement it has
to be extrapolated to zero and infinite frequencies [1, 2]. After using the
Kramers-Kronig transformation in order to calculate the phase spectrum
corresponding to the measured reflectivity, the complex dielectric function
can be determined from Eq. 3.1.

Resonance-like excitations can be approximated with the lineshape of a
damped oscillator, when the different transitions are well separated and the
inverse lifetime, γ, is small compared to the resonance frequency, ωo. This
assumption is often valid, for example in case of the electronic excitations of
a single atom and the vibrational transitions of molecules and solids. In the
Lorentz oscillator model the dielectric function has the following form:

ε(ω) = ε∞ +
S

ω2
o − ω2 − iωγ

, (3.4)

where S is the oscillator strength which is proportional to the matrix ele-
ment of the corresponding excitation [2], and ε∞ is the background dielectric
constant due to excitations at higher energies. The dielectric function and
the corresponding reflectivity is plotted in Fig. 3.1. The imaginary part of
the dielectric function has a peak at the resonance frequency, ωo, while the
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Figure 3.1: The reflectivity (a) and the dielectric function (b) for a damped
resonance (Lorentz oscillator) at frequency ωo. The inset of the (b) panel
shows the zero crossing in the real part of the dielectric function defining the
plasma frequency, Ωpl.

real part has a dispersive lineshape. The reflectivity has a more complicated
structure. Far from the excitation it is a smooth function being almost con-
stant. Around ωo the reflectivity steeply increases, then the sample becomes
highly reflecting between the resonance frequency and the so-called plasma
frequency, Ωpl. The plasma frequency is defined by the zero crossing of the
real part of the dielectric function, Ω2

pl ≈ ω2
o+S/ε∞. Above this frequency

the sample becomes transparent again.

3.1.2 Dispersive and Fourier transform spectrometers

The photon energy dependence of the optical response functions, such as
the reflectivity and the transmission, can be determined by various types of
optical spectrometers. The most straightforward way to perform such an
experiment is based on the spectral decomposition of the light beam and
the measurement of optical quantities at ”each” wavelengths [1, 2]. This
can be realized by dispersive elements, like a prism or a diffraction grating,
the later of which is used in modern spectrometers (see Fig. 3.2). In a
grating spectrometer the slit selects a section from ”the rainbow” produced
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by the dispersive grating element. For an infinitely large grating the spectral
resolution, δω, becomes finer with decreasing width of the slit. Therefore, an
optimal balance needs to be found between the outgoing light intensity and
the resolution. In the reality, the highest resolution is also limited by the
width of the diffraction peak owing to the finite size of the grating. Grating
spectrometers are used in a wide energy region from ultraviolet (UV) and
visible (VIS) to near infrared (NIR), where high intensity light sources are
available.

Source

Reflected light

Diffracted light

Grating

Slit

Figure 3.2: Schematic picture of a grating spectrometer.

However, deeper in the infrared region the intensity of the black body ra-
diation from typical lamps is not bright enough and the operation of Fourier
transform infrared (FT-IR) spectrometers covering this region is based on
a different principles [1, 2]. This is the Wiener-Khintchin theorem, which
states that the spectral function, S(ω), is the Fourier transform of the auto-
correlation function:

S(ω) =

∫
⟨E∗(t)E(t+ τ)⟩eiωτdτ. (3.5)

The autocorrelation function is measured by a Michelson interferometer,
which splits the light coming from the source by a beamsplitter and the
time difference, τ , between the two parts of the beam is varied by a moving
mirror (see Fig. 3.3). The intensity on the detector as a function of the
moving mirror position is the autocorrelation function, which is termed as
the interferogram in the literature.

Now, let us follow the light propagation and the signal processing in
details. The light beam from the source with a spectrum of Eω passes through
a Michelson interferometer and reaches the detector where the amplitude of
the electric field is:

ED =

∫
(
Eω

2
+
Eω

2
ei

ω
c
2x)e−iωtdω

2π
, (3.6)
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Standing mirror

Figure 3.3: A Michelson interferometer is used to measure the autocorrelation
function of the light beam in Fourier transform infrared spectrometers. BS -
beamsplitter

where x is the position of the moving mirror. In the previous expression we
assumed that the beamsplitter divides the intensity equally. The detector
can not follow the high frequency oscillation of the light, hence, it measures
the time averaged intensity:

ID =
1

2

√
εo
µo

⟨E∗
DED⟩. (3.7)

According to Eq. 3.6 and 3.7, the interferogram has the following functional
form:

ID(x) ≃
1

2

√
εo
µo

1

2

∫
|Eω|2 cos(

ω

c
2x)

dω

2π
, (3.8)

where a constant term (giving rise to a peak at zero energy after the Fourier
transformation) is neglected. Finally, the spectrum is calculated by an inverse
Fourier transformation from the measured interferogram ID(x).

Ideally, the resolution of an FT-IR spectrometer is determined by the
maximum path difference, L, between the two arms of the interferometer. If
the source is monochromatic, i.e.

E(t) = Eo cos(ωot), (3.9)

the spectrum consists of two delta functions at ω=±ωo. However, the spa-
tial cut-off L in the inverse Fourier transformation results in a sin(x)/x like
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spectrum:

ID(K) =
1

2

√
εo
µo

∫ L/2

−L/2

1

2

∫
1

4
(δ(ω − ωo) + δ(ω + ωo)) cos(

ω

c
2x)eiKxdω

2π
dx =

=
1

2

√
εo
µo

L

32π

(
sin[(2ωo −Kc) L

2c
]

(2ωo −Kc) L
2c

+
sin[(2ωo +Kc) L

2c
]

(2ωo +Kc) L
2c

)
. (3.10)

The full width at half maximum (FWHM), which determines the resolution,
is inversely proportional to the maximal displacement of the mirror according
to

δω ≈ 3.79
c

L
. (3.11)

The zero crossings caused by the sin(x)/x function can be eliminated using
smooth window functions for the cut-off. Such apodization process somewhat
modifies the numerical prefactor in Eq. 3.11, as well.

The highest energy in the spectrum is limited by the sampling interval of
the interferogram as it is measured only at discrete positions. The position
of the moving mirror is determined by the interference pattern of a He-Ne
LASER in the same interferometer which triggers the sampling resulting in
a few hundred nanometer spatial resolution, ∆ ∼100-300 nm. Therefore, the
highest optical frequency measurable by the spectrometer is ωmax∼ c

∆
.

Compared to grating spectrometers, FT-IR spectrometers have the ad-
vantage that the whole light intensity contributes to the experiment at the
same time. Therefore, this method is advantageous in the middle and far in-
frared (MIR & FIR, respectively) region, where the brightness of the sources
is small.

3.1.3 Measurement of the reflectivity

In our experiments from the far infrared up to the ultraviolet region normal
incidence reflectivity spectra were measured and determined as the intensity
ratio for the light reflected by the sample, Ism, and a reference mirror, Iref
(the latter of which has a reflectivity of close to unity):

R(ω) =
Ism(ω)

Iref (ω)
. (3.12)

As a reference, highly conducting metallic mirrors are used, like gold, silver
and aluminium [1]. The nobel materials has the advantage that the surface
of the evaporated mirror is stable for a long time at air atmosphere and is
not corroded.
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When the roughness of the sample surface is comparable to the wave-
length of the probing light, undesirable scattering of the light occurs. This
artificially suppresses the normal incidence reflectivity. Usually, fine powders
of diamond or sapphire are used to polish the sample surface and improve its
quality. As a starting point, particles with the average diameter of d∼3µm
are used and when the surface roughness decreases polishing is continued
with finer powders. Finally, a roughness of ∼100 nm can be achieved by this
technique.

3.2 Broadband magneto-optical Kerr spectros-

copy

Besides the measurement of the reflectivity or the absorption coefficient,
changes in the polarization state of the light carry additional information
about the system if it has optical anisotropy, such as magneto-optical activity.
In the case of magnetic materials, the non-vanishing off-diagonal elements of
the optical conductivity tensor can be obtained from the measurement of the
Kerr-rotation, θKerr, and ellipticity, ηKerr, as described in Chapter 2 [4].

In our experiments these Kerr-parameters were measured by a polariza-
tion modulation technique [5, 6], which enables the detection of the polariza-
tion rotation with an accuracy of 10−3 degree. Such high sensitivity can be
achieved by the application of a photoelastic modulator (PEM). The heart
of the PEM is an isotropic, transparent material, which becomes birefrin-
gent due to the uniaxial stress applied by a piezoelectric crystal. This design
modulates the polarization state by high frequency (f=50 kHz). Since the
velocity of the light becomes different for the polarization parallel and per-
pendicular to the direction of the stress a phase shift oscillating in time,
δ(t)=δosin(2πft), appears between the two linearly polarized states. When
the incident light beam is polarized at 45◦ respect to the direction of the
stress and the amplitude of the retardation is δo=π/2, the polarization of
the transmitted light varies from linear polarization to right and left handed
circular polarization (see Fig. 3.4).

Schematic picture of the experimental setup is shown in Fig. 3.5. The
phase of the horizontal component of the electric field is modulated by the
PEM. If a sample with finite Kerr rotation but zero ellipticity is inserted into
the light path, the polarization is rotated and after the sample the vertical
field component becomes partially phase modulated. Therefore, the detector
behind the vertical analyzer picks up a time dependent signal. This signal has
double frequency (relative to the modulation frequency), since the intensity
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Figure 3.4: (a) Modulation of the polarization after passing trough the pho-
toelastic modulator (PEM). Initially the light is polarized at 45◦ respect to
the direction of the stress in the modulator. As the phase difference between
the parallel and the perpendicular component of the polarization changes, the
beam first becomes elliptical, then purely circularly polarized. Behind an an-
alyzer parallel or perpendicular to the stress direction the intensity remains
constant. (b) If the sample only rotates the polarization of the light, it induces
a signal with double frequency (2f) on the detector. While a first harmonic
signal (1f) is generated if circular dichroism is present [5].

of the two circularly polarized states is insensitive to the polarization rotation
(see Fig. 3.4). In contrast, if the ellipticity are finite, the absorption of the
circularly polarized states is different, thus, ellipticity corresponds to the
fundamental harmonic (f=50 kHz) of the intensity.

The evolution of the polarization state can be followed more rigorously
through the experimental setup as shown in Fig. 3.5 and the amplitude of
the electric field has the form [5]:

ED =
[
cosϕ sinϕ

] 1√
2

[
1 1
i −i

] [
r+ 0
0 r−

]
1√
2

[
1 −i
1 i

] [
1 0
0 eiδ(t)

]
E√
2

[
1
1

]
.

(3.13)

The light beam is polarized at the angle of 45◦ after passing trough the first
polarizer. Then, a time dependent phase shift, δ(t), is generated by the
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Figure 3.5: Schematic picture of the polarization modulation setup used for
the high-sensitivity detection of the complex Kerr angles. P - polarizer, PEM
- photoelastic modulator, A - analyzer

PEM between the two linearly polarized states (parallel and perpendicular
to the direction of the stress). When the sample shows circular dichroism
and birefringence, the reflection matrix is diagonal in the basis of the circular
polarizations and r±=|r±|eiϕ± are the complex reflection amplitudes for the
two circularly polarized states. Finally, the light beam passes trough an
analyzer set to the angle ϕ and reaches the detector. The intensity on the
detector is

ID =
1

2

√
εo
µo

εE2R

4
{1 + 2ηKerr sin δ(t) + sin(2θKerr + 2ϕ) cos δ(t)}, (3.14)

where R=1
2
(|r|2++|r|2−) is the average reflectivity. If the magneto-optical Kerr

effect is small, the Kerr rotation and ellipticity are related to the complex
reflection amplitude of circularly polarized light by following formula [5]:

θKerr + iηKerr ≈ −ϕ+ − ϕ−

2
+ i

1

2

|r+|2 − |r−|2

|r+|2 + |r−|2
. (3.15)

The sinusoidal modulation of the phase shift in the argument of the trigono-
metric functions can be expanded in terms of the Bessel functions according
to

sin(δosin2πft) = 2J1(δo)sin2πft+ . . . ,

cos(δosin2πft) = Jo(δo) + 2J2(δo)sin4πft+ . . . (3.16)

The Kerr parameters can be expressed as functions of the dc component,
the first harmonic and the second harmonic in the intensity, Io, If and I2f ,
respectively:

If
Io

= A
J1(δo)∆R/R

1 + Jo(δo)sin(2θKerr + 2ϕ)
≈ 4AJ1(δo)ηKerr,

I2f
Io

= B
2J2(δo)sin(2θKerr + 2ϕ)

1 + Jo(δo)sin(2θKerr + 2ϕ)
≈ 4BJ2(δo)[θKerr + ϕ], (3.17)
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where A and B coefficients describe the sensitivity of the pre-amplifiers, and
the Lock-in amplifiers. Since the Kerr angles are usually small, the expres-
sions in Eq. 3.17 are well approximated by the linear terms.

A calibration procedure is performed in order to determine the 4AJ1(δo),
4BJ2(δo) coefficients connecting the measured intensity ratios and the Kerr
angles in Eq. 3.17. The calibration of the Kerr rotation is straightforward,
since the rotation of the analyzer plays the same role as the Kerr rotation of
the sample. Therefore, if the analyzer is rotated by a small angle, ±ϕo, the
corresponding coefficient can be determined from the measurement of the
second harmonic signal as follows:

([I2f/Io]+ϕo − [I2f/Io]−ϕo)/2ϕo = 4BJ2(δo). (3.18)

For the calibration of the Kerr ellipticity a λ/4 plate has to be inserted
between the PEM and the analyzer [6]. Consequently, this introduces an
additional π/2 (time independent) term in the retardation and the intensity
on the detector changes to:

ID =
1

2

√
εo
µo

εE2R

4
{1− 2ηKerr cos δ(t) + sin(2θKerr + 2ϕ) sin δ(t)}. (3.19)

Now the angle of the analyzer, ϕ, is in the argument of a sine function,
therefore, the first harmonic signal can also be calibrated by the rotation of
the analyzer:

([If/Io]+ϕo − [If/Io]−ϕo)/2ϕo = 4AJ1(δo). (3.20)

The light path may contain birefringent elements, which also cause ellip-
ticity and rotation of the polarization. However, only the magneto-optical
Kerr angles change sign when the external magnetic field (and the magne-
tization of the sample) is reversed. Therefore, after measuring the complex
Kerr rotation in positive and negative fields the antisymmetric part of the
signal is taken.

In the NIR, VIS and UV region the method described above can be simply
implemented, since the magneto-optical response is measured at one time at
one wavelength selected by the grating spectrometer. The retardation of the
PEM is kept constant by a control unit as the wavelength of the light beam
varies.

In order to adapt polarization modulation spectroscopy to an FT-IR,
three different interferograms – Io, If and I2f corresponding to the dc term,
the first and the second harmonic – need to be simultaneously collected.
After performing the numerical Fourier transformation of the three signals,
Kerr parameters can be calculated as discussed above. Since in FT-IR spec-
troscopy the spectral information is collected in a parallel manner, the re-
tardation of the PEM cannot be optimized for each wavelength. Instead
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the retardation is set to a specific wavelength, which provides optimal sensi-
tivity for the entire energy region. Furthermore, the lower efficiency of the
polarizers in this energy range results in worse signal-to-noise ratio.

Figure 3.6: The electronic block diagram of the the FT-IR MOKE setup and
the characteristic time scales of the instruments.

As another source of technical difficulties, the different time scales in the
experimental method has to be compromised. The fastest element is the
detector and its I-V converter, whose high frequency cut-off is set to pass the
2f component, but eliminate the higher frequency components of the electrical
signal. The integration time of the Lock-in amplifiers, detecting the If and
I2f components, needs to be set as high as possible to decrease the bandwidth
of the noise. On the other hand, the moving mirror of the interferometer has
finite speed and the sampling frequency makes a constrain on the integration
time of the Lock-in amplifiers. The schema of the experiment together with
the appropriate time scales are presented in Fig. 3.6. Besides the filtering
by lock-in amplifiers the noise in the If , I2f interferograms can be reduced
by averaging of several scans.
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We have constructed a broad band magneto-optical spectrometer oper-
ating in the E=0.08-4 eV region. The top view of the setup is shown in Fig.
3.7, where a grating and an FT-IR spectrometer share common light path.

In case of low-temperature experiments the samples are placed into an
optical cryostat and cooled down by a continuous flow of liquid helium. The
light is coupled into the sample chamber through a transparent window.
Magnetic fields of the order of 0.2-0.4T are generated by NdFeB permanent
magnets. To avoid the Faraday rotation from the window due to stray mag-
netic fields, the Kerr rotation of the sample was measured with and without
the optical window at room temperature.

3.3 Terahertz time-domain spectroscopy

Optical spectroscopy in the terahertz (THz) frequency region, which is lo-
cated between the far infrared and the microwave range (ν=100GHz-10THz)
shows rapid development due to the recent improvements in photonics and
electronics [7]. The frequency ν=1THz corresponds to the time period of
1/ν=1ps and the wavelength of λ=300µm. Promising applications of tera-
hertz radiation have been reported over a wide area ranging from telecom-
munication to optical sensing and imagining [7]. This rapidly growing field
led to the development of terahertz time-domain spectroscopy (THz-TDS)
[7, 8, 9]. Besides the spectroscopy of organic materials, like DNA, proteins or
drugs, THz-TDS is advantageous in the investigation of low-energy excita-
tions of solids, e.g. charge fluctuations of superconductors, ferroelectric soft
modes and spin excitations in anisotropic magnets [2, 8].

The terahertz time-domain spectrometer used in our experiments is shown
in Fig. 3.8. This spectrometer is constructed by Dr. N. Kida at the Univer-
sity of Tokyo [10]. The ultra short pulse, τ≈100 fs, of a Ti:sapphire LASER
operating at λ≈800 nm is used to generate terahertz radiation in the follow-
ing way. The light of the LASER is focused on the ∼30µm thick slit of
a dipole antenna evaporated on a GaAs substrate grown at low tempera-
ture (LT-GaAs). The charge carriers, instantaneously excited by the intense
electric field of the light, propagate due to the voltage applied between the
electrodes of the antenna. However, they are soon recombined, since the car-
rier lifetime is small, <1 ps in LT-GaAs [8, 9]. The steep increase and then
the fast decay of the carrier concentration lead to a fast change in the pho-
toinduced current and the antenna starts to radiate. The oscillating electric
field of the terahertz radiation is proportional to the time derivative of the
current density, j, which is well approximated by the time derivative of the
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Figure 3.8: Terahertz time-domain spectrometer [10]. The intense light of
a femtosecond Ti:sapphire LASER is split into two by a beamsplitter (BS).
One of the beams is focused on the slit of a biased photoconductive antenna
evaporated on low-temperature-grown GaAs, which emits the THz radiation.
The polarization of the THz light is set by a free-standing wire grid (WG)
polarizer. After the radiation is transmitted through the sample and a second
WG polarizer, it is focused on the receiver photoconductive antenna. The
receiver is active only in those short periods when exposed to the LASER
pulse and a current signal is generated in proportion to the electric field of
the THz radiation.

carrier concentration, n:

ETHz ∝
∂j

∂t
∝ ∂n

∂t
. (3.21)

In spite of the fast recombination of the photoinduced carriers, the mobility
is high whith the corresponding scattering time of τscat ≈10µs [8]. The sim-
ulation of Duvillaret et. al demonstrate the time dependence of the current
density and the electric field of the generated THz radiation in the far field in
a common geometry (see Fig. 3.9) [11]. Please note, that the narrow peak in
the excitation pulse generates a step like increase of the carrier concentration,
since the lifetime is usually much longer.

For the detection of the THz radiation the light of the Ti:sapphire LASER
is split by a beamsplitter (see the beamsplitter (BS) in Fig. 3.8). As a
receiver a fast optical element is used, which operates only in the presence
of the short pulse of the femtosecond LASER. Since the same pulse triggers
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Figure 3.9: The time evolution of the photocurrent generated by the intense
light of a femtosecond LASER in a biased photoconductive antenna. The
electric field of the THz light follows the time derivative of the current [11].

the emission of the THz radiation, the time evolution of the THz light can
be followed by changing the time delay between the emitter and the receiver.
These techniques are allow the direct measurement of the electric field of the
light in contrast to the usual spectroscopic method, which only detects its
intensity.

In our setup, shown in Fig. 3.8, the THz signal is detected by an antenna,
similar to that of used as an emitter. The receiver antenna is exposed to the
light from the same Ti:sapphire LASER following a beam splitter and a
translation stage used for time delay. On the receiver side, the photoinduced
carriers are accelerated by the electric field of the THz radiation and the
generated current is measured [8, 9]. As known from the linear response
theorem, the current density is the convolution of the conductivity, which
is proportional to the concentration of the photoinduced carriers, and the
electric field of the THz pulse:

j(t) =

∫
σ(t− t′)ETHz(t

′)dt′ ∝
∫
n(t− t′)ETHz(t

′)dt′. (3.22)

The function n(t-t′) has a peak structure, similar to the time dependence of
the charge carrier concentration on the emitter side (see Fig. 3.9). The width
of the peak is determined by the carrier life time, τ , which causes a broad-
ening in the time domain and introduces a high energy cut-off νmax ∼1/τ in
the frequency domain. A typical THz-TDS with photo-conductive antenna
can reach νmax ≈2-3THz. The time evolution of the THz signal is resolved
by changing the time delay (t-t′) between the LASER beams used for the
generation and the detection. The frequency dependence of the amplitude
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is determined by numerical Fourier transformation. Similarly to the FT-IR
spectroscopy, the frequency resolution is set by the maximal time delay and
the sampling with finite steps of the time delay limits the highest measur-
able frequency. In our experiments, the largest time retardation was T≈10 ps
corresponding to a resolution of δν ≈0.1THz. The time delay was changed
with ∆t=0.08 ps steps leading to ∼10THz instrumental high frequency cut-
off, which far exceeds the highest frequency of the emitted THz radiation.
The great advantage of THz-TDS that the electric field of the light is detected
instead of its intensity. Therefore, phase sensitive detection of the radiation
is possible and no need for Kramers-Kronig transformation to obtain the
complex optical response [7, 9].

Due to the design of the photoconductive antenna both the generation
and the detection of the THz radiation is strongly polarization dependent.
The free standing wire grid polarizers after the emitter and before the receiver
further ensure the direction of the linear polarization.

Alternatively, crystals with optical nonlinearities can be used to gener-
ate and to detect THz radiation, as well [8, 9]. The both methods were
used to measure the magneto-chiral spectra and the polarization rotation
of Ba2Co2GeO7, discussed at the end of chapter 6. This optical setup, de-
veloped by Dr. R. Shimano, is similar to that presented in Fig. 3.8 apart
from the emitter and the receiver [12]. As a nonlinear element, ZnTe crystals
were used with the thickness of 1mm. The zinc-blend structure of ZnTe al-
lows second order nonlinear effects, since the point group 43m lacks inversion
symmetry.

THz radiation is excited by difference frequency generation or optical
rectification, which means the following process. The emission spectrum
of the femtosecond LASER, which contains the frequencies ν1 and ν2, is a
∆ν=1/τ broad quasi-continuum around νo ≈375THz. This intense LASER
light induce electric polarization at ν=ν1-ν2 frequency due to the nonlinearity
of the ZnTe crystal described by the second-order nonlinear susceptibility
χ(2)[8]:

P (ν) = εoχ
(2)(ν = ν1 − ν2)E

∗(ν1)E(ν2). (3.23)

When the pulse duration of the LASER is much longer then the oscilla-
tion period corresponding to νo and the dispersion in the nonlinear media
is negligible, the envelope function of the LASER pulse determines the time
evolution of the THz radiation. In this process the bandwidth of the ter-
ahertz light is determined by the width of the LASER pulse, νmax ∼1/τ .
Therefore, THz time domain spectrometers using nonlinear media can cover
wider energy range than those operating with photoconductive antennas, al-
though the efficiency of the emission is higher for photoconductive antenna
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[8].

LASER

Thz radiation

ZnTe

WP
Balanced

Photodiode/4l

Figure 3.10: Electro-optical sampling of the THz radiation based on a non-
linear ZnTe crystal. The polarization of the THz and the LASER light are
parallel. The electric field of the THz radiation induces linear birefringence
in ZnTe between the axes at the angle of ±45◦ respect to the incident light
polariaztion. The change in the polarization state of the LASER is detected
by a balanced photodiode bridge. λ/4 - phase plate, WP - Wollaston prism

The ZnTe crystal can also be used to detect the THz radiation by electro-
optical sampling [8, 9]. This detection schema is sketched in Fig. 3.10. The
THz radiation is focused on the (110) surface of a ZnTe crystal. Simultane-
ously, the Ti:sapphire LASER, which has low intensity in this case, probes the
optical anisotropy of the crystal. Both the THz and the LASER beam are po-
larized along the [110] direction. The intense THz light induces birefringence
proportional to the electric field of the ETHz radiation in the zinc-blende type
ZnTe through the non-linear susceptibility:

ε(ETHz) =

 εxx χ(2)ETHz 0
χ(2)ETHz εxx 0

0 0 εxx

 . (3.24)

In this expression the coordinate axes are aligned along the [110], [001] and
[110] axes of the crystal, respectively. The polarization of the light is main-
tained when it points along the [1/

√
2,-1/

√
2,1] or the [1/

√
2,-1/

√
2,-1] di-

rection, since these are the eigenvectors of the dielectric tensor, ε(ETHz).
These directions lie within the (110) surface and they are at an angle of
45◦, respect to [110] and [001]. The corresponding refractive indices can be
calculated from the eigenvalues:

n± =
√
εxx ± χ(2)ETHz ≈

√
εxx

(
1± χ(2)ETHz

2εxx

)
. (3.25)

The polarization of the LASER beam becomes elliptical:

ELASER =

[
1

e−iω
c

χ(2)ETHz
εxx

d

]
≈

[
1

1− iω
c
χ(2)ETHz

εxx
d

]
, (3.26)
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due to the different light velocities, in the basis of the eigenvectors. The
ellipticity of the LASER light is converted to polarization rotation by a λ/4
plate. Finally, a Wollaston prism split the beam into two parts corresponding
to the polarization components and their intensity difference is detected by
a balanced photodiode bridge. The signal on the detector is proportional to
the electric field of the terahertz radiation similarly to the photoconductive
antenna.

The electro-optical sampling enables the determination of the complex
transmission matrix, tij [12]. To measure the off-diagonal transmission co-
efficient, only the polarizer before the receiver is rotated by 90◦, while the
polarizer after the emitter is kept intact. The simultaneous measurement
of the parallel and the perpendicular transmission coefficients, txx and txy,
respect to the polarization of the incident THz radiation enables the simul-
taneous determination of the polarization rotation and the ellipticity:

tan θ + i tan η

1− i tan θ tan η
=
txy
txx

. (3.27)

Y. Ikebe and R. Shimano have demonstrated that as small as 0.5mrad rota-
tion can be measured by this method [12].

We have performed THz-TDS in transmission geometry. The schema of
the data acquisition and evaluation is shown in Fig. 3.11. In our experiments
a hole with the diameter of d=3mm on a metallic nontransparent (fully
reflecting) plate was used as a reference. The same size of hole drilled on an
other metal plate was covered by the sample accurately. After measuring the
THz signal of the reference as a function of the time delay, Eref∥(t), the empty
hole was changed to the sample and the amplitude of the radiation behind the
sample, Esm∥(t), was also detected. Numerical Fourier transformation was
performed to calculate the complex spectrum of the THz radiation, Eref∥(ν)
and Esm∥(ν), respectively. The transmission coefficient was evaluated as
t=Esm∥/Eref∥, while the power transmission was calculated as T=|t|2. The
complex refractive index, N=n+ik, was calculated from the transmission
coefficient using Eq. 3.2. A typical spectra is shown in Fig. 3.11. The
sharp dips in the power transmission correspond to absorption peaks. As it
is expected from the almost linear frequency dependence of the phase, the
real part of the refractive index is constant except for the vicinity of the
resonances. The power transmission differs from 1 over the entire range,
which is caused by the reflections at the vacuum-sample interface due to
the high value of n≈2.85. To simplify the data evaluation the reflection
baseline was subtracted from the logarithm of the power transmission and
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Figure 3.11: Flowchart of the data evaluation in a terahertz time-domain
experiment. As a first step, the electric field of the THz radiation is mea-
sured as a function of the time delay for the reference hole and the sample,
as well. Next, the intensity and the phase spectra are calculated by Fourier
transformation. The complex transmission spectrum is obtained by the divi-
sion of the sample spectrum with the reference spectrum. From the complex
transmission other optical response functions can be calculated.

the absorption coefficient, α, was calculated as:

α = −1

d
(lnT − 2 ln(1−R)) , (3.28)

where d is the thickness of the sample and R is the reflectivity of the vacuum-
sample interface. When the sample rotates the polarization, the off-diagonal
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transmission coefficient is determined as

txy =
Esm⊥

Eref∥
, (3.29)

where Esm⊥ is the spectrum of the THz radiation measured between crossed
polarizers. In this case the transmitted power is defined as T=|txx|2+|txy|2.
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Chapter 4

Experimental determination of
the spin-polarized electronic
band structure in magnetic
metals

Besides the search for novel compounds with large magneto-optical effect
which are useful for data storage and telecommunication, the combination of
optical and magneto-optical spectroscopy provides fundamental information
about the band structure of magnetic solids [1, 2]. To be more specific,
the simultaneous measurement of the diagonal and off-diagonal elements of
the optical conductivity tensor allows the determination of basic physical
parameters, like the crystal field splitting, the Coulomb interaction and the
spin-orbit coupling [1, 2, 3]. Recently, the magneto-optical spectroscopy and
microscopy have gained new potential in the tailoring of highly spin polarized
conductors and in the visualization of spin transport motivated by spintronics
[1, 4, 5, 6, 7].

The anomalous Hall effect (AHE), i.e. the Hall effect induced by the
interplay of spin-orbit and exchange interaction in ferromagnets, and the
magneto-optical Kerr effect share common origin. Both of them are the
consequence of finite off-diagonal conductivity, σxy, in the dc limit and at
finite frequencies, respectively [8, 9]. Although AHE was discovered more
then a century ago its theoretical description is still a challenging problem
[10, 8].

In this chapter our optical and magneto-optical results are presented on
the nearly half-metallic CuCr2Se4 and on Nd2Mo2O7 with spin chirality. The
measurement of the different elements of the conductivity tensor over a broad
energy range provides information about the spin-polarized band structure
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of these compounds, which has been analyzed in comparison with theoretical
calculations. Finally, we have also investigated the low-energy off-diagonal
conductivity of the itinerant charge carriers in order to gain more informa-
tion about the mechanism of AHE in these systems. In electron and hole
doped Nd2Mo2O7 pyrochlore-type molybdates the magneto-optical spectra
are compared to the results of theoretical model calculations, as well.

4.1 Anomalous Hall effect

The lack of time-reversal symmetry leads to the Hall effect in solids, i.e. a
current flowing transversal to the applied electric field. In the presence of an
external magnetic field, the Hall effect of paramagnetic metals originate from
the Lorentz force and the Hall resistivity, ρxy, is inversely proportional to the
carrier concentration [11]. In ferromagnets an additional contribution, the
anomalous Hall effect, appears in the off-diagonal conductivity [10], which
cannot be described in terms of the internal fields in ferromagnets [12].

Karplus and Luttinger came up with the idea that the spin-orbit cou-
pling with the periodicity of the lattice is responsible for the AHE [13].
They pointed out the importance of the interband matrix elements in the
calculation of the expectation value of the current operator beside the usual
intraband term. The anomalous Hall resistivity was found to be proportional
to ρxy ∝ ρ2xx [13]. This intrinsic mechanism of the AHE has been recently
reformulated in terms of the Berry phase, which allows a more general topo-
logical explanation of the phenomenon [14]. First principle calculations using
the Berry phase approach have successfully reproduced the AHE of bcc iron
[15].

The Berry phase, γn, is the phase factor gained by the |n(X)⟩ electronic
eigenstate of the Hamilton operator, H(X), upon the adiabatic evolution of
a parameter, X, on a closed path C [16]. The Berry phase can be expressed
as:

γn =

∮
C
an(X)dX =

∫ ∫
bndS, (4.1)

where an is a fictitious vector potential, the Berry connection, and bn is the
corresponding fictitious magnetic field, the Berry curvature:

an(X) = −i⟨n(X)|∇X|n(X)⟩,

bn(X) = Im
∑
m̸=n

⟨n(X)|∇XH(X)|m(X)⟩⟨m(X)|∇XH(X)|n(X)⟩
(En(X)− Em(X))2

. (4.2)
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The Berry curvature appears in the expression of the off-diagonal conductiv-
ity calculated from the Kubo formula [17, 14]:

σxy = e2
∑
n,k

f(ϵn,k)bnz(k),

bn = ∇k × an,

an,µ = −i⟨n(k)|∂/∂kµ|n(k)⟩. (4.3)

This result can be interpreted in the semiclassical transport theory, where
the equation of motion has the following form in the presence of finite Berry
curvature [18, 19]:

ẋ =
1

~
∂ϵn,k
∂k

− k̇× bn,k,

~k̇ = −eE− eẋ×B. (4.4)

The electron is accelerated by the external electric field, E, and the k crys-
tal momentum of the electron changes. The motion of the electron in the
k-space is affected by the Berry curvature acting like an effective magnetic
field in the k-space generated by the band structure. The Berry curvature
is enhanced when the gap between two bands is small (see Eq. 4.2). More-
over, a band crossing point, which occurs generally at the high symmetry
points of the Brillouin zone, behaves as a δ-singularity and it has a magnetic
monopole like contribution to the Berry curvature [20]. Therefore, when the
Fermi energy lies in the vicinity of a degeneracy in the band structure, the
anomalous Hall effect is expected to be very sensitive for the details of the
band structure, especially to the exchange induced splitting of the bands in
ferromagnets. Correspondingly, the AHE can be a non-monotonous function
of the magnetization or the carrier concentration. The sign change and the
unusual temperature dependence of the AHE in the ferromagnetic phase of
the SrRuO3 is described as the consequence of the Berry curvature enhanced
by such a singularity in the center of the Brillouin zone, in the Γ point [20].

According to Ohgushi et al. a non-collinear spin structure can induce
AHE, as well [21]. As a simple example for the non-collinear spin structure,
let us consider localized and canted spins on a triangle as shown in Fig. 4.1
and an additional conduction electron [9]. The conduction electron inter-
acts with the localized spins via the on-site Hund interaction, which prefers
parallel alignment of the spins. This situation is the starting point in the de-
scription of a double exchange ferromagnet [21]. As the conduction electron
goes around the loop, it experiences a fictitious rotating magnetic field due
to the interaction with the non-collinear localized spins. After completing a
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loop, the wave function of the electron picks up a Berry phase proportional
to the scalar spin-chirality of the three neighboring spins, Si (i=1-3):

χ123 = S1(S2 × S3). (4.5)

Figure 4.1: Simple model of a chiral ferromagnet. The localized spins (red
arrows) are canted by the angle of θ respect to the axis perpendicular to the
plane (blue arrows). The solid angle expanded by the three spins is propor-
tional to their spin chirality [9].

Ohgushi et al. proved that this mechanism generates finite Hall effect on
a Kagome lattice, which is a triangular lattice with triangles as the basis [21].
The Berry phase arising from this mechanism leads to a resonant structure
in the k-space, which is also responsible for the large AHE in Nd2Mo2O7.

Beside the intrinsic theory of the anomalous Hall effect, several extrinsic
mechanisms have been proposed [22]. The potential scattering of an impurity
ion can be spin dependent due to the spin-orbit coupling on the scatterer
and together with the spin imbalance in ferromagnets it results in a finite
Hall effect. Two types of spin dependent scatterings are usually considered:
the skew scattering and the side jump [22]. In case of the skew scattering,
the path of the electron is deflected depending on the relative orientation
of its spin and its wave vector [23]. While side jump means the transverse
displacement of the trajectories, which has different sign for the two spin
directions [24, 25]. The off-diagonal resistivity scales as ρxy ∝ ρxx and ρxy ∝
ρ2xx for the skew scattering and for the side jump mechanism, respectively.

4.2 Optical and magneto-optical study of the

nearly half-metallic CuCr2Se4

4.2.1 Itinerant electron magnetism in CuCr2Se4

The ferrimagnetic CuCr2Se4 is a metal with a residual resistivity as small
as ρo ≈10µΩcm [26, 3]. This compound shows the highest critical tempera-
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ture Tc=430K among the chromium spinel chalcogenides and the saturation
value of the magnetization reaches Msat=5.5µB/f.u. [26, 3]. The cubic spinel
lattice of CuCr2Se4 is shown in Fig. 5.1 and the details of this structure are
discussed in the following chapter [27]. An important point concerning the
electronic structure is that the Cu ions occupy sites tetrahedrally coordinated
by selenium, while the Cr ions are located at the center of Se octahedra. Al-
though the lattice constant of the ferromagnetic semiconductors CdCr2S4 and
CdCr2Se4 differ only by 1-4%, their ferromagnetism is considerably weakened
by the complete filling of the valance band as reflected by their lower Curie
temperatures, Tc=85K and 129K, respectively [26]. Materials from the same
family show interesting magneto-transport phenomena like the colossal mag-
netoresistance in Fe1−xCuxCr2S4 [28], and the colossal magnetocapacitance
in CdCr2S4 [29]. Moreover, recent band structure calculations indicate that
CuCr2Se4 is almost half-metallic [30, 31, 32, 33] and the density of states
for spin down electrons can be fully suppressed with cadmium doping, i.e.
a perfect half-metallic situation can be realized [33]. The calculated spin
polarized band structure is shown in Fig. 4.2 [32]. The splitting of the d
levels to t2g, eg subspaces for the Cr ions and to e, t2 for the Cu cations are
due to the local octahedral and tetrahedral crystal fields from the seleniums,
respectively.

The strong ferrimagnetism in CuCr2Se4 was first explained by Lotger-
ing and Stapele assuming the mixed-valence state of Cr3+ and Cr4+ with
the monovalent Cu+. Thus, this compound was classified as a d-metal with
closed Se 4p shell [34]. In this picture only the chromium sites are mag-
netic and the double exchange mechanism between the Cr3+ and the Cr4+

ions align their magnetic moment parallel. However, early neutron diffration
studies indicated that each chromium is in the Cr3+ state [27]. Later, Good-
enough proposed the copper ions to be divalent Cu2+ and as a source of the
magnetism the 90 degree superexchange to be responsible for the coupling
between the Cr3+ ions through the completely filled Se 4p states [35].

The recent X-ray magneto-circular dichroism (XMCD) measurements by
Kimura et al. [36] settled the long standing issue of the valance states in
CuCr2Se4. They have confirmed the Cr3+ state, however, they have found
almost monovalent copper and a delocalized hole in the Se 4p band with a
magnetic moment anti-parallel to the moment of the Cr3+ ions. Based on
these experimental results Saha-Dasgupta et al. [32] have interpreted the
ferrimagnetism in terms of a kinetic-energy driven mechanism in which the
hybridization between the localized Cr3+ ions and the delocalized states in
the Se 4p band results in a hole mediated exchange. Their density functional
calculation indicates the appearance of a hybridization induced hump-like
structure at the Fermi energy only for the up spin states in accordance with
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Figure 4.2: The calculated spin polarized band structure of CuCr2S4 [32].
Similar results were obtained for CuCr2Se4 [33].

other band structure calculations [31, 33] (see Fig. 4.2).
In order to have a deeper understanding of the electronic structure of

CuCr2Se4 and its strong itinerant magnetism, we have investigated the low-
energy (E=0.1-4 eV) charge excitations over the temperature range of T=10-
300K by determining both the diagonal and the off-diagonal elements of
the optical conductivity tensor. The former optical and magneto-optical
studies of Brändle et al. focused on the large magneto-optical Kerr effect of
CuCr2Se4, which exceeds θKerr ≈1.1◦ and ηKerr ≈1.2◦ in the near infrared
photon energy region at room temperature [37, 38], which makes CuCr2Se4 a
promising candidate for magneto-optical devices. In the following subsection
we analyze the origin of the electronic excitations in details by the extension
of the experiments towards lower energies and low temperatures, the latter
of which allows clearer separation of the different spectral structures.
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4.2.2 Results of the optical and magneto-optical stud-
ies on CuCr2Se4

Single crystals of CuCr2Se4 with a typical size of 3 × 3 × 0.2mm3 were
grown by K. Ohgushi [3]. All the optical measurements were carried out
with nearly normal incidence on the as-grown (111) surface. In order to
determine the diagonal optical conductivity, reflectivity spectra were mea-
sured over a broad energy range (E=0.08-26 eV and E=0.08-5 eV at room
and low temperature, respectively) to facilitate the proper Kramers-Kronig
transformation. We have measured the complex magneto-optical Kerr angle
ΦKerr = θKerr + iηKerr between E=0.12-4 eV with a home-designed broad
band magneto-optical spectrometer introduced in Chapter 3. The external
magnetic field of B=±0.25T was applied by a permanent magnet along the
[111] easy axis of the magnetization which was set parallel to the propagation
direction of the light, as well. In the above arrangement, the conductivity
tensor has the following form:

σ =

 σxx σxy 0
−σxy σxx 0
0 0 σzz

 . (4.6)

In this notation the x, y, z directions do not correspond to the main cubic
axes, as z is chosen parallel to the [111] easy axis.

The temperature dependence of the reflectivity and the diagonal optical
conductivity spectra are shown in Fig. 4.3. We identified the different contri-
butions to the optical conductivity as follows. The first charge transfer peak
is centered around E=2.75 eV, that we assign to Se 4p → Cr 3d transitions
in agreement with former optical and photoemission data on a broad vari-
ety of chromium spinel oxides and chalcogenides [3, 39, 40]. This transition
was identified as a Cr intra-atomic 3d3→3d24p and 3d3→3d24s excitation by
Brändle et al. [38], which seems to be unlikely as the position and the os-
cillator strength of this transition show a large variation among the different
chromium spinels. Furthermore, the chromium 4p and 4s bands are located
at higher energies in these compounds also excluding their assignment [3].
This transition band has a low-energy shoulder centered at E=1.9 eV, which
likely originates from the on-site chromium d-d transition since this structure
is common for chromium spinels insensitive to the change of the other cation
[3, 39, 40]. This originally dipole-forbidden transition becomes allowed by
the hybridization with the ligand, which explains the fairly small oscillatory
strength. The spectral structures become distinct as the temperature de-
creases. In the low-energy region (E.0.1 eV) metallic conductivity appears.
Although it does not closely follow a Drude-like behaviour – the scattering
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rate is estimated to be γ ≈ 0.03 eV at T=10K – the small residual resistivity
ρo ≈ 10µΩcm [41, 3] is not typical for bad metals with strongly correlated
d band. Between the low-energy metallic term and the first charge trans-
fer excitation, a distinct peak appears at E=0.5 eV. At low temperatures it
becomes clearly distinguishable from the excitation of the itinerant carriers.
In spite of its closeness to the metallic continuum it becomes sharp at low
temperatures characterized by a width of Γ≈0.5 eV width. In the inset of
Fig. 4.3 the maximum of the loss-function, (-Im{1/ε}), signals a plasma
frequency of ~Ωpl ≈1 eV, which only increases by 4% as the temperature de-
creases to T=10K. This implies only tiny change in the carrier concentration
as a function of temperature.

Figure 4.3: Upper and lower panel: The reflectivity and the optical conduc-
tivity spectra of CuCr2Se4 at various temperatures, repectively. Three main
features are indicated by dashed lines. The first charge transfer excitation (Se
4p→Cr 3d) appears at E=2.75 eV with a low-energy shoulder at E=1.9 eV
due to on-site d-d transition of the chromium ions. In addition to the low-
energy metallic peak, another strong transition is present in the mid-infrared
region (at E=0.5 eV) with a characteristic width of Γ≈0.5 eV. In the inset
the maximum of the loss-function, 1/ε, indicates the plasma frequency at
~Ωpl≈1 eV.

The magneto-optical Kerr spectra are presented in Fig. 4.4 at room
temperature and at T=10K. These results are in good agreement with the
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Kerr spectra previously reported at room-temperature for E>0.6 eV [37, 38].
The MOKE signal reaches its maximum around E≈1 eV, where the Kerr
ellipticity exhibits a peak, while the Kerr rotation has a dispersive line shape.
The maximal values are ηKerr=1.9◦ and θKerr=-1◦, respectively. Although
the magnetization is almost constant below room temperature [3], the MOKE
is enhanced by 45% down to T=10K.
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Figure 4.4: The spectra of the magneto-optical Kerr parameters at room
temperature and T=10K. The Kerr ellipticity shows a peak at E=1 eV due
to the plasma resonance and its maximal value increases up to ηKerr=1.9

◦ as
the temperature is decreased to T=10K corresponding to the sharpening of
the plasma edge. The Kerr rotation reaches the value θKerr=-1

◦ in the same
region.

From the complex Kerr angle, we have calculated the off-diagonal con-
ductivity according to the following relation:

ΦKerr = θKerr + iηKerr ≈ − σxy

σxx

√
1 + iσxx

εoω

, (4.7)

where σxx and σxy are the elements of the complex optical conductivity ten-
sor. The Kerr rotation and ellipticity describe the phase and the intensity
difference, respectively, between left and right circularly polarized light upon
normal-incidence reflection from a magnetic surface (see Eq. 3.15 in the
previous Chapter). The corresponding results are presented in Fig. 4.5.

In spite of the large MOKE around E=1 eV, neither the off-diagonal nor
the diagonal conductivity show any specific optical excitation in this en-
ergy region. The large enhancement of the MOKE signal corresponds to the
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Figure 4.5: The off-diagonal conductivity determined from the magneto-
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plasma resonance at ~Ωpl ≈1 eV; it is caused by the minimum of the denom-
inator of Eq. 4.7 rather than by an increase of the off-diagonal conductivity
[38, 42]. The almost perfect cancelation of this resonance in the off-diagonal
conductivity indicates the properness of the Kramers-Kronig transformation
for the reflectivity. When the optical excitations are broad compared to
the magnetically induced splitting of these transitions for the two circular
polarizations, the Kerr parameters θKerr and ηKerr are proportional to the
derivative of the reflectivity:

ηKerr =
1

2

|r+|2 − |r−|2

|r+|2 + |r−|2
∝ 1

R(E)

∂R(E)

∂E
,

θKerr =
1

2
(ϕ+ − ϕ−) ∝

∂ϕ(E)

∂E
, (4.8)

where r±=|r±|eϕ± are the Fresnel coefficients for the right and left circularly
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polarized photons and R(E)=(|r+|2+|r−|2)/2 and ϕ(E) are the reflectivity
and the corresponding phase. The sudden decrease of the reflectivity near the
plasma edge, which generate the large MOKE signal, is sensitive to the slope
of the reflectivity which becomes steeper as the life-time increases toward low
temperatures. This causes the considerable temperature dependence in the
region of the plasma resonance [42].

The real part of the off-diagonal conductivity (shown in Fig. 4.5) is dom-
inated by two main structures, namely a broader hump around E=2.75 eV
and a resonance-like peak centered at E=0.5 eV. As discussed in Chapter 1,
the dispersive line-shape in the imaginary part of the off-diagonal conduc-
tivity and also the corresponding large values – Im{σxy}=53Ω−1cm−1 and
Im{σxy}=110Ω−1cm−1 at T=10K, for the higher and the lower energy struc-
tures, respectively – are suggestive of parity allowed transitions [2], which is
reasonable for the Se 4p→Cr 3d charge transfer transition at E=2.75 eV.
The magnitude of the low-energy part of the off-diagonal conductivity en-
larged in Fig. 4.6 is very close to that of the dc Hall effect obtained in the
same magnetic field [41], except for T=10K where σHall=300Ω−1cm−1. As
the temperature decreases the low-energy tail of the real part is consider-
ably reduced in contrast to the temperature independent behavior of the
magnetization. This may indicate that a non-perturbative treatment of the
spin-orbit coupling is also necessary to describe the low-energy off-diagonal
conductivity as it was formerly proposed for the dc anomalous Hall effect
[41, 43].

To understand the origin of the optical excitations, the results of the
recent band structure calculations [31, 32, 33] are summarized schematically
in Fig. 4.7. The chromium d-band is split by the cubic crystal field to a t2g
and an eg band. The selenium 4p and the copper 3d states are fully mixed
with each other. Furthermore, the hybridization between the selenium 4p
and the chromium t2g induces a gap just below the Fermi energy in the
majority spin channel. As a consequence, states from the Se 4p band are
shifted above the Fermi level (referred to as ”hump in the density of states”
in the introduction), thus, holes appear in the majority spin channel. The
main optical transitions observed in the experiments are also indicated in the
figure.

Our optical and magneto-optical study confirms the results of the band
structure calculations both in the close vicinity of the Fermi energy and on
a few eV large scale. In agreement with the theoretical results, we explain
the transition at E=0.5 eV as excitations trough the hybridization induced
gap. The high oscillator strength is due to the parity difference between the
initial and the final states. The large off-diagonal conductivity is possibly
owing to the strong spin-orbit coupling for the delocalized electrons with
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Figure 4.6: The low-energy part of the off-diagonal conductivity. The dc val-
ues are reproduced from Hall resistivity measurement performed in the same
magnetic field by Lee et al. [41]. The dc Hall conductivity σxy ≈300Ω−1cm−1

measured at T=10K is out of the scale of the graph.

strong selenium character (ESO≈0.5 eV) and the highly spin polarized states
in the ∼1 eV vicinity of the Fermi level [31, 33]. The shift of this transition
toward higher energy in CuCr2Se3.7Br0.3 was reported in a former optical and
magneto-optical study [38], which is consistent with the present assignment
of the E=0.5 eV peak, since bromine substitution increases the Fermi energy
by adding electrons to the system.

The first charge transfer excitations around E=2.75 eV, with a remark-
able oscillator strength and magneto-optical activity are attributed to Se
4p→Cr 3d transition, while the excitation at E=1.9 eV is assigned to on-
site d-d transitions of chromium ions. These are in overall agreement with
the theoretical calculations, although the transition energies are somewhat
higher in the experiment [31, 32, 33]. The contribution of the d-d transi-
tion to the off-diagonal conductivity is small compared to that of the charge
transfer transition. Besides the reduced oscillator strength of the d-d transi-
tion due to its dipole forbidden nature, it is likely caused by the fairly small
spin-orbit coupling for chromium (ESO=0.09 eV) [31]. The measurement of
the off-diagonal conductivity greatly helps to separate the optical transition
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Figure 4.7: The schematic representation of the density of states as deter-
mined by density functional calculations [31, 32, 33]. The chromium d-band
is split by the cubic crystal field to a t2g and an eg band. In the majority spin
channel the hybridization between the Se 4p and Cr 3d splits the selenium
band and induces a gap just below the Fermi energy. Consequently, one hole
appears in the upper branch of the selenium band for majority spins. Com-
plete spin polarization of the charge carriers could be achieved by tiny electron
doping [33]; former band structure calculations indicated that x∼10-20% Br,
Cd, Zn, etc. substitution could result in a half-metallic state. The thin black
arrows indicate the excitations observed both in the diagonal and off-diagonal
conductivity spectra in the energy region of E=0.1-4 eV with the same labels
as used in Fig. 4.3 and 4.5. Processes in the close vicinity of the Fermi
level, responsible for the metallic conduction dominating the diagonal optical
conductivity for E<0.1 eV, are not labeled in the figure.

found around E=0.5 eV since its large magneto-optical activity dominates
over the contribution from the metallic charge carriers (damped cyclotron
resonance) contrary to the case of the diagonal conductivity.

In conclusion, we have measured the diagonal and off-diagonal optical
conductivity spectra over a broad photon energy range at various tempera-
tures in CuCr2Se4. The extension of the optical and magneto-optical study
to the mid-infrared range and toward low temperatures compared to the
previous work of Brändle et al. [38], allow the observation of a resonance
at E≈0.5 eV with large magneto-optical activity. Our results are in agree-
ment with band structure calculations over the whole energy region. Based
on this band structure schema, supported by our results, we attribute the
resonance at E≈0.5 eV to excitations through a SeCr hybridization-induced
gap, and we expect that the perfect half-metallic situation can be realized
by tiny electron doping, i.e. by x∼10-20% Br, Cd, Zn, etc. substitution, as
predicted by Wang et al. [33].
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4.3 Spin chirality induced magneto-optical ac-

tivity in electron and hole doped Nd2Mo2O7

4.3.1 Anomalous Hall effect in the non-collinear ferro-
magnet Nd2Mo2O7

The metallic Nd2Mo2O7 has a pyrochlore structure. The both magnetic sub-
lattices, the Nd and the Mo one, form a pyrochlore lattice, i.e. a network of
corner sharing tetrahedra as shown in Fig. 4.8 [44, 45]. The itinerant mag-
netic moment of the Mo ions are coupled ferromagnetically, which results in
a long-range order below Tc=89K. The magnetic moments of the rare-earth
element, Nd, are coupled ferromagnetically as well, however, they are sub-
ject to a strong easy axis anisotropy, which points toward the center of each
tetrahedron. As a consequence, the degenerate ground state manifold of a
single tetrahedra consists of ”two-in, two-out” spin states in which the four
spins expand a finite solid angle (see Fig. 4.8). According to the neutron
diffraction data the magnetic moment of the rare-earth ions in Nd2Mo2O7

grow rapidly below a cross-over temperature T<40K and due to the antifer-
romagnetic coupling, Jfd, between the Nd and the ferromagnetically ordered
Mo ions, a long range ordered ”two-in, two-out” (or umbrella structure) spin
state with finite spin chirality is developed [45]. The same Jpd coupling tends
to tilt the magnetic moments of Mo, as well, which also form un umbrella
structure with a small angle of 1-4◦. Below the cross-over temperature, the
static magnetization decreases corresponding to the antiferromagnetic cou-
pling as shown in Fig. 4.9.

Nd

Figure 4.8: The pyrochlore lattice is a network of corner sharing tetrahedra.
On the sublattice of the rare-earth a ”two-in, two-out” spin state is realized.
The magnetic moments of the Nd and the Mo sublattices are coupled an-
tiferromagnetically via the Jpd exchange interaction, which tends to tilt the
originally collinear ferromagnetic moments of Mo system [45].

The anomalous Hall resistivity has some remarkable features in Nd2Mo2O7

57



[45, 46, 47]. In contrast to the temperature dependence of the magnetiza-
tion, the anomalous Hall resistivity steeply increases from the Curie tem-
perature down to T=2K (see Fig. 4.9) [45, 46]. In the sister compound
Gd2Mo2O7, where the Gd ion has zero angular moment (L=0) and the single
ion anisotropy on the rare earth sites vanishes. The AHE is negligible in the
ferromagnetic phase, though both of the Gd and the Mo ions have large mag-
netic moments [46]. The latter indicates the importance of the spin chirality,
since Gd2Mo2O7 has a collinear spin structure. Moreover, it was pointed
out that in Nd2Mo2O7 the sign of the spin chirality can be reversed by the
application of strong magnetic fields along the [111] direction. The resulting
sign change of the anomalous Hall resistivity is reported to occur in B≈8T,
which is a further evidence for the spin chirality induced AHE in Nd2Mo2O7

[46].
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thick bar indicates the estimated value of Mo spin moment at low tempera-
tures.

The frequency dependence of the off-diagonal conductivity, σxy(ω), can be
investigated by low-energy magneto-optical spectroscopy as it is underlined
above. In Nd2Mo2O7, a large magneto-optical activity was reported for the
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excitation of the itinerant charge carriers [9]. At the lowest energy, the real
part of the off-diagonal conductivity is in agreement with the anomalous
Hall conductivity determined from resistivity measurements. Although the
optical and magneto-optical spectra of the Gd2Mo2O7 are similar to those of
Nd2Mo2O7 in the region of the interband excitations indicating similar band
structure on a large energy scale, in the infrared region only a small magneto-
optical signal is found when the Nd is replaced by Gd. This difference was
attributed to the loss of the spin chirality.

Finally, we note that the AHE of the collinear itinerant ferromagnets and
the spin-chirality induced AHE are only apparently different. In the case of
the collinear itinerant magnets the AHE is determined by the strength of
spin-orbit coupling for the itinerant charge carriers, while in the other case
the Hall conductivity is related to the Berry curvature caused by the spin-
chirality. However, the large spin-orbit interaction presents on the rare-earth
Nd site is responsible for the single ion anisotropy, thus the spin-chirality
in Nd2Mo2O7. The spin-orbit coupling of the rare-earth ions is delivered to
the itinerant charge carriers by the Jpd antiferromagnetic coupling between
the Nd and Mo ions. Therefore, both effects are the manifestation of the
spin-orbit coupling.

4.3.2 Optical and magneto-optical spectroscopy of
Nd2(Mo,Nb)2O7 and (Nd,Ca)2Mo2O7

Band crossings or nearly degenerate points in the band structure act as a
source of the Berry curvature and, hence, they can generate large anomalous
Hall effect as far as the intrinsic mechanism of the AHE is considered. To
identify such a resonant enhancement of the AHE due to the spin-chirality
induced gap we have carried out a magneto-optical study of Nd2Mo2O7 upon
changing the electron concentration by chemical doping. To follow the sys-
tematics the off-diagonal conductivity spectra, σxy(ω), in the dc limit ω →0
are also compared to the Hall resistivity measurements.

All of the samples were single crystals grown by Dr. S. Iguchi. The
electron concentration is increased in Nd2(Mo1−x,Nbx)2O7 (x=0, 0.03, 0.06,
0.09), while hole doping is realized in (Nd1−y,Cay)2Mo2O7 (y=0.05). The
resistivity of the samples were measured by S. Kumakura, which was not
strongly affected by Ca doping, while it increased steeply with Nb doping as
shown in Fig. 4.10. This difference is caused by the Nb doping-induced disor-
der at the Mo sites, which reduces the mean free path of the itinerant carriers
responsible for the metallic transport [47]. The temperature and doping de-
pendence of the Hall resistivity were measured in a magnetic field of B=0.2T
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applied along the [100] easy axis (see Fig. 4.10). This field is sufficient to
align the magnetic domains along the [100] direction without decreasing the
tilting angle of the Mo spins and the corresponding spin chirality [46, 47].
While the Hall conductivity increases with Ca doping, it steeply decreases
with Nb doping.
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Figure 4.10: The temperature dependence of the resistivity and the Hall con-
ductivity of the mother compound Nd2Mo2O7 and the electron and the hole
doped, Nd2(Mo1−x,Nbx)2O7 and (Nd1−y,Cay)2Mo2O7, respectively.

The normal incidence reflectivity was measured on the (100) surface over
the energy range of E=0.01-5 eV. The reflectivity spectra of various com-
pounds are shown in Fig. 4.11 a on a logarithmic photon-energy scale at
T=10K. Owing to the itinerant electrons, a high-reflectivity band appears
below the plasma edge of E∼1 eV. Higher energy (E=4-40 eV) reflectivity
spectra were measured at room temperature by S. Kumakura. The extended
reflectivity data were used to facilitate an accurate Kramers-Kronig trans-
formation to obtain the diagonal optical conductivity, σxx. Its real part is
shown for the Mo 4d intraband region (E<0.8 eV) in Fig. 4.11 d at T=10K.
For the metallic crystals (x . 0.03 and y = 0.05), a Drude-like response is
observed below E<0.05 eV. Its value in the ω →0 limit corresponds well to
the dc conductivity. On the other hand, the spectra above E>0.1 eV are
characterized by a broad and nearly frequency-independent structure as typ-
ical for correlated bad metals. While the dc conductivity varies over 2 orders
of magnitude with Nb doping, the optical conductivity for E>0.1 eV shows
much less variation with doping. The minimal influence of disorder in this
energy range (E>0.1 eV) enables us to analyze the effect of band filling on
the magneto-optical response.

The spectra of Kerr rotation, θK , and Kerr ellipticity, ηK , were mea-
sured on the (100) surface of the crystals with nearly normal incidence. The
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Figure 4.11: The reflectivity spectra of the doped Nd2Mo2O7 compounds and
the corresponding diagonal optical conductivity are shown in panel (a) and
(d), respectively. From the magneto-optical Kerr rotation (θK) and ellipticity
(ηK), the real (σ′

xy) and the imaginary (σ′′
xy), part of the off-diagonal optical

conductivity is calculated (see (b),(c) and (e),(f) panels, respectively).

external magnetic field of B=0.2T was applied parallel to the propagation
direction of the light. Fig. 4.11 b and c, show the doping dependence of θK
and ηK spectra at T=10K, respectively. The prominent peak in θK around
E≈1.2 eV and the corresponding dispersive line shape in the ηK spectra are
present for all of the crystals and correspond to the plasma-edge enhancement
of the magneto-optical Kerr effect as discussed above for CuCr2Se4 [42]. The
low-energy signals below E<0.5 eV are smaller but clearly discerned; these
represent the Mo 4d intraband contributions.

The off-diagonal conductivity spectra were calculated via the expression
4.7. The real and the imaginary part of σxy=σ

′
xy+iσ′′

xy are shown over the
mid-infrared range (MIR) in Fig. 4.11 e and f, respectively. The large
magneto-optical Kerr effect observed in the vicinity of the plasma edge does
not emerge in the Hall conductivity, which ensures the accuracy of the mea-
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surement and the Kramers-Kronig analysis. Both of the real, σ′
xy, and the

imaginary σ′′
xy parts of the off-diagonal conductivity spectra have broad but

prominent peaks in contrast to the flat σxx spectra. For doping x≥0.03, the
peak in σ′

xy is even larger than the dc value. The peak in the off-diagonal
conductivity spectra systematically shifts to higher and lower energy for elec-
tron (Nb) and hole (Ca) doping, respectively, and the broadening of the peak
increases for higher peak energies.
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Figure 4.12: (a) The two-band model of an anticrossing point where the
degeneracy is lifted by a small perturbation, like spin-orbit coupling, and here
the spin chirality. (b) Hole (y) and electron (x) doping (band-filling change
δ=x-y) dependence of the dc anomalous Hall conductivity, the peak magnitude
of the real part of the optical Hall conductivity in the mid-infrared region, and
the estimated magnetization of the Mo spin (MMo) at T=10K. (c) Doping
dependence of the peak position, EMIR, in the σxy spectra. The line shows the
shifting of the peak position corresponding to the slope EMIR/δ ≈1Mo/eV.
Comparison between the experimental spectra (solid lines) and the two-band
model calculations (broken lines) for (d) the real and (e) the imaginary part
of σxy for x=0 and 0.06.

Fig. 4.12 b compares the dc anomalous Hall conductivity, the peak mag-
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nitude in the real part of optical Hall conductivity in the mid-infrared region,
and the estimated magnetization of Mo spins (MMo) as a function of the car-
rier concentration measured from the clean Nd2Mo2O7, δ=x-y. While the
magnetization does not show a large variation with filling, σxy(dc) decreases
steeply with Nb doping, which is mainly caused by the increase in scattering
due to disorder on the Mo (Nb) sites as discussed in [47]. The low-energy
part of the off-diagonal conductivity linearly decreases with Nb doping. The
filling dependence of the peak position, EMIR, is shown in Fig. 4.11 c. The
tendency in the shift of the resonance suggests that the initial or the final
state of the excitation lies in the vicinity of the Fermi energy. The slope of
EMIR(δ) is comparable with that evaluated from the change in density of
states (∼1Mo/eV) obtained by a local-density approximation (LDA) band-
structure calculation [48]. Moreover, the enhancement of the AHE in the
dc limit upon hole doping likely corresponds to the red shift of the resonant
peak in σ′

xy. Therefore, a nearly degenerate point of the band structure with
a small gap is responsible both for the dc and the optical Hall effect.

To account for the resonant spectral shape in the off-diagonal conductiv-
ity, the spectra were fitted by a model previously developed by N. Nagaosa
to describe a band crossing point induced anomalous Hall effect in SrRuO3

[20]. To get analytical solution, the following two-band Hamiltonian in two
dimensions is discussed:

H =
∑
k

c†kH(k)ck,

H(k) = ho(k) +
3∑

i=1

hi(k)σi, (4.9)

where σi are the Pauli matrices, ho=-µ is the energy difference between the
band crossing point and the Fermi energy, hx=~kx, hy=~ky and hz=m is half
of the spin-chirality induced gap. The dispersion relation is plotted in Fig.
4.12 a. The off-diagonal optical conductivity tensor is calculated from the
Kubo formula with the current operator:

jν =
e

~
∑
k

c†k
∂H(k)

∂kν
ck. (4.10)

The resulting off-diagonal conductivity has the following form:

σxy(ω) =
e2

8πha

m

(~ω + i~/τ)
ln

(
−~ω − i~/τ + 2µ

~ω + i~/τ + 2µ

)
, (4.11)

where 1/τ takes the lifetime broadening and the variation of m upon chang-
ing kz into account. Since a 2D model is used, an interlayer distance a is
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introduced in the formula 4.11, which corresponds to the lattice constant of
a∼1 nm.

The results for the fitting of the experimental spectra with the formula
4.11 are shown by the broken lines in Fig. 4.12 d and e. The parameters of µ,
~/τ and m obtained by the fitting are 78, 40, and 78meV for x=0 and 113,
80, and 41meV for x=0.06, respectively. The present simple model calcula-
tion can well capture the observed features; the peak energy in the imaginary
part positions higher than that of the real part and the peak magnitude de-
creases with increasing the peak position (∝ m/ω). The difference between
the ω →0 limit and the off-diagonal optical conductivity is considered as the
contribution from the experimentally inaccessible low-energy band structure.
The interband transition peak is expected to locate at Ep≈2µ, and the peak
position shift per δ is 2/D(ϵF ) in the present model, where D(ϵF ) is the den-
sity of states at the Fermi energy. Therefore, our experiments gives the value
of D(ϵF )∼2 Mo/eV; this is to be compared with the results of the density
functional calculations D(ϵF )∼1 Mo/eV [48]. The discrepancy, a factor of
2, is viewed as small, considering that the LDA tends to underestimate the
density of states at the Fermi energy due to insufficient correction for the
electron correlation; this is manifested by the observed enhancement of the
electronic specific-heat coefficient as compared with the LDA calculation [49].
The σ′

xy(EMIR) scales with the chirality induced gap 2|m|. The obtained m
is as large as 80 meV, although the value should be taken as semiquantitive
because of the crudeness of the 2D model. Since the dc AHE in Nd2Mo2O7

is dominated by the spin chirality rather than the spin-orbit interaction for
Mo 4d electrons, the presently deduced energy gap at the band-anticrossing
point should also stem from the spin chirality.

In conclusion, we have observed a resonant structure in the mid-infrared
region of the off-diagonal optical conductivity spectra and its systematic evo-
lution in the band-filling controlled Nd2Mo2O7 endowed with spin chirality.
The resonant structure is related to a nearly degenerate point of the Bril-
louin zone associated with a gap induced by the spin chirality. Our result
provides the compelling evidence for the monopole like resonant structure in
the k space as expected from the Berry-phase mechanism of the AHE. This
picture should generally apply to the whole class of AHE, and the related
resonance in the optical Hall conductivity is expected to also be observable
in itinerant ferromagnets with sufficiently large spin-orbit interaction.
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Chapter 5

Magnetic-order induced crystal
symmetry lowering resolved by
optical phonons

The correlation and entanglement between the charge, spin and lattice de-
grees of freedom is a the central problem in the modern condensed matter
physics. The cross-coupling between them can lead to their cooperative or-
derings, like in the highlighted family of ferroelectrics [1], in materials show-
ing cooperative Jahn-Teller effect [2] or in charge/spin density wave systems
[3]. Beside the fundamental interest, the interlocking between different de-
grees of freedom may open new pathways in the control of the material
properties like in the well-known case of the ferroelectrics, where large piezo-
electricity was discovered [4].

The interaction between spin and lattice degrees of freedom has been at-
tracting a lot of interest both in the context of magnetoelastic effects [5] and
as a possible mechanism to get rid of the ground state degeneracy in frus-
trated magnets [6]. Recently, the spin-lattice coupling has been extensively
investigated both via the experimental and theoretical analysis of lattice vi-
brations in frustrated magnets, such as the spinel oxides ZnCr2O4 [7, 8] or
simple transition-metal oxides with rocksalt structure [9]. It turned out that
competing spin-spin exchange interactions may enhance the spin-lattice cou-
pling. We extend this study to other members of ferrimagnetic chromium
spinels, ACr2O4, in which both the chromium and the A-site cations are
magnetic. In these compounds the frustration is reduced and complicated
magnetic orders with several magnetic sublattices emerge. We have found
that the presence of orbital degrees of freedom plays an important role in the
magneto-elastic effects of ACr2O4s.

In the first part of this chapter the family of the ferrimagnetic ACr2O4
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chromium spinels is introduced by describing their lattice structure and their
ordered phases. In the subsequent section the fundamentals of the lattice
vibrations and the relation of the phonon modes to the symmetry of the
crystal are discussed. Then, an overview of the literature is given on the
magnetic order induced lattice distortion in the frustrated magnet ZnCr2O4.
Finally, our infrared optical study on ACr2O4 chromium spinels is presented.

5.1 The crystal structure and the ordered phases

of the ACr2O4 spinels

The ACr2O4 chromium spinels have normal cubic spinel structure at high
temperatures belonging to the non-symmorph Fd3m space symmetry group
as shown in Fig. 5.1. In this oxide compound octahedrally coordinated Cr3+

ions form a network of corner sharing tetrahedra, i.e. a pyrochlore lattice,
while the sublattice of the tetrahedrally coordinated A2+ ions is a diamond
structure (see Fig. 5.1).

(a) (b)

Figure 5.1: (a) The unit cell of the cubic spinel lattice [10]. (b) In ACr2O4

chromium spinels, the chromium ions (grey) form a pyrochlore lattice, while
the A-site ions (blue) make a diamond lattice.

All the chromium oxide spinels introduced later are insulators. The nearly
cubic crystal field around the chromium cations splits their 3d orbitals into a
t2g triplet and an eg doublet (see Fig. 5.2). The ground state of a single Cr3+

ion in the field of the neighboring oxygen anions is well defined, it is an orbital
singlet and the spins of the three d-electrons are aligned parallel in accordance
with Hund’s rule. When the A-site is occupied by a non-magnetic ion like
Zn, Cd, Mg, etc., only the chromium cations have magnetic momentum cor-
responding to a S=3/2 spin. According to Goodenough, the direct Cr-Cr ex-
change interaction is antiferromagnetic, while the 90◦ superexchange through
the anion has a ferromagnetic character [11, 12]. In oxide spinels the antifer-
romagnetic JCr−Cr exchange interaction is the dominant. Consequently, the
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Curie-Weiss temperature, determined from susceptibility measurements, has
a large negative value (ΘCW≈-400K) in ZnCr2O4 [13]. However, staggered
spin order would lead unsatisfied bonds since the pyrochlore lattice is not a
bipartite one, which leads to a magnetic frustration. The geometry of the
lattice results in a vast number of ground states in the classical limit. This is
a direct consequence of the degenerate ground state of a single tetrahedron,
which is the building block of this structure [6, 14]. Below the Curie-Weiss
temperature the spin fluctuations are strongly correlated, but no long-range
order can develop due to the frustrated exchange interaction [15]. In the
case of frustrated magnets, a secondary interaction frequently removes the
magnetic frustration and selects a unique ground state. In ZnCr2O4, the
high symmetry of the cubic lattice which is responsible for the frustration,
is removed by a tetragonal lattice distortion at TN=12.5K as a consequence
of the spin-lattice interaction [13].

Another way to release the frustration of the pyrochlore sublattice of the
Cr3+ ions is to introduce magnetic ions on the diamond sublattice. The
ACr2O4 spinels with magnetic A-site ions were systematically investigated
as the 3d levels of the A-site cation are filled up. The electron configuration
of these cations are shown in Fig. 5.2.

AO4 Mn2+Cr3+CrO6

t2

et2g

eg

Fe2+ Co2+ Cu2+Ni2+

Figure 5.2: The d levels of the Cr3+ ion are split into a t2g triplet and an eg
doublet in octahedral coordination. The ground state of the Cr3+ ion is an
orbital singlet with S=3/2 spin. In the tetrahedral environment of the A2+

ions the order of the t2 triplet and the e doublet are reversed. The ground
state electron configuration is presented for the A-site ions assuming small
crystal field splitting compared to the Hund exchange coupling.

In the tetrahedral crystal field, which has the 43m symmetry, the 3d states
are split into a low lying e doublet and a high energy t2 triplet. The total spin
value of the A-site cation, SA, decreases by half-integer steps from manganese
with SA=5/2 to copper with SA=1/2. Lyons, Kaplan, Dwight and Menyuk
(LKDM) showed that the control parameter u=4JCr−CrSCr

3JCr−ASA
determines the

magnetic ground state in these cubic chromite spinels [16]. The u=∞ limit
corresponds to the geometrically frustrated case of the ZnCr2O4, while stag-
gered Néel order is expected in the u<8/9 region. The ferrimagnetic ordering
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Table 5.1: Transition temperatures in various chromium spinels with mag-
netic A-site. (TJT corresponds to the Jahn-Teller transition, TC is the fer-
rimagnetic transition temperature, below TS a non-collinear spin structure
develops, and TLockin is the Lock-in transition temperature.)

- MnCr2O4 FeCr2O4 CoCr2O4 NiCr2O4 CuCr2O4

TJT - 140K - 310K 854K
TC 51K 93K 93K 74K 152K
TS 14K 35K 26K 31K 152K
TLockin - - 15K - -

occurs in these spinel compounds at temperatures 51K<TC<152K, as sum-
marized in table 5.1.

The cubic MnCr2O4 and CoCr2O4 have a conical spin order in the ground
state, which developes below TS=14K and 26K, respectively, according to
elastic neutron scattering, NMR and ESR experiments [17, 18, 19]. This ex-
otic ground state is sketched in Fig. 5.3. In this phase two distinct chromium
positions exist and the direction of the magnetic moment traces on a cone in
each sublattice:

S =

 S sin(β) cos(qR)
S sin(β) sin(qR)

S cos(β)

 , (5.1)

where q is the wavenumber of the ordering, R is the position of the ions
in the sublattice while β is the half angle of the cone. In CoCr2O4 the
ground state is reached through a Lock-in transition when the wavenumber, q
becomes commensurate at TLockin=15K. LKDM theory classifies the conical
spin order as the ground state in the intermediate u regime, where the JCr−A

exchange interaction is rather small.
Recently, this conical spin structure attracted much interest. It was the-

oretically predicted and experimentally demonstrated that it may induce
ferroelectric polarization [20, 21, 22]. The conical ordering with wavevector
q||[110] is accompanied with the development of ferroelectric polarization
along [110] in CoCr2O4 [20, 22]. The ferroelectric polarization is likely in-
duced by the spacial variation of the magnetization density:

P ≈ q× (S1 × S2), (5.2)

where S1 and S2 denote the neighboring spins. Furthermore, experiments
showed that the switching of the polarization is possible by reversing the
magnetization.

Beside their magnetic moments, A=Fe, Ni and Cu cations have orbital
degrees of freedom, as well. In these compounds degeneracy is released by a

71



Figure 5.3: The conical spin order develops below TS=26K in CoCr2O4 [17,
18, 19].

cooperative Jahn-Teller distortion. The cubic lattice is distorted to a tetrag-
onal form with space group I41/amd. The anisotropy in the exchange in-
teraction results in a large variety of magnetic orderings. FeCr2O4 has a
conical spin order similar to MnCr2O4 and CoCr2O4 [23], while NiCr2O4

and CuCr2O4 exhibit canted antiferromagnetic orders at low temperatures
[24, 25]. The common point in the magnetic ground state for all the investi-
gated spinel crystals is the existence of two crystallographically inequivalent
chromium positions related to the spin pattern, which distinguishes between
the [110] and [110] directions as shown in Fig. 5.4. In principle, it means
that via magnetoelasticity the symmetry in each crystal may be lowered to
orthorhombic.

Figure 5.4: In ACr2O4 chromites with magnetic A-site ions (Mn, Fe, Co,
Ni or Cu) – irrespective to the details of the spin order – three magnetic
sublattices (A, Cr1 and Cr2) are present in their ferrimagnetic phase.
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5.2 Symmetry analysis of lattice vibrations

in the spinel structure

The investigation of lattice dynamics via the determination of the phonon
frequencies and the selection rules is a sensitive tool to explore the symmetries
of the crystal lattice in insulating materials. The symmetry analysis of the
phonon modes is summarized in the present section in order to introduce the
effect of the symmetry lowering of the crystal on the infrared active lattice
vibrations.

The spatial symmetries of a crystal form a group, the G space group,
which contains discrete translations of the Bravais lattice, T(3), as a normal
subgroup [26]. In the case of cubic spinels the space group is the Fd3m, which
belongs to a face-centered cubic lattice (FCC). The symmetry elements of
the space group are the combination of t translations and α point symmetry
elements: {α|t}. In symmorph space groups every translation is an element
of T(3) while it is not the case in non-symmorph space groups. The Fd3m is
a non-symmorph space group as it contains glide planes, where the diagonal
mirror reflection is followed by a translation along τ=[1/4, 1/4, 1/4]. The
Go point group is defined as the set of the point symmetries, which is m3m
for cubic spinel crystals.

The elements of G commute with the Hamilton operator of the lattice
vibrations, Hph. Therefore, they can only mix eigenstates within degenerate
subspaces of the Hilbert space [27]:

[Hph, g] = 0 ∀g ∈ G,
Hphϕn = Enϕn,

Hph(gϕn) = En(gϕn). (5.3)

Apart from an accidental degeneracy, each of the degenerate subspaces gives
a basis for an irreducible representation of the group, abbreviated as irrep
in the followings. The dimension of the degenerate subspace is equal to
the dimension of the irrep and the eigenstates can be labeled by the irreps.
Therefore, fundamental information can be obtained from the representa-
tion of the space group on atomic displacements without the solution of the
eigenvalue problem of Hph.

To determine the irreps of the lattice vibrations, first we find the irreps of
T(3). The pure translational symmetries, T(3), form a commutative group,
thus all of the irreps are one dimensional. They are the well-known Bloch
phase factors: T̂ (R)=eikR, where T̂ (R) is the operator of the translation by
a lattice vector R and the corresponding basis vectors are the Bloch func-
tions, ψk. The entire space group can be factorized by the normal subgroup,
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T(3). This factor group is isomorphic to the point group: Go
∼=G/T(3). As a

consequence, the {α|t} space group elements, transform the ψk Bloch func-
tions to another Bloch state with the wave vector αk [26]. In the center of
the Brillouin zone, k=0, each point group element leaves the wave vector
invariant and the symmetry of the Γ point is the whole point group.

The complete determination of the irreducible representations of a space
group is not a simple task in general. However, infrared spectroscopy probes
lattice vibrations in the center of the Brillouin zone, since the typical phonon
energies are in the order of 100 cm−1 and the momentum of the absorbed
photon is negligible compared to the size of the Brillouin zone, a−1∼108 cm−1

[28]. This physical consideration simplify our problem and every irreducible
representation of the space group can be written as the product of the irreps
of Go and the Bloch phase factor which is 1 for the the zone center [26].
Finally, we can conclude that the irreps of Go completely determine the
degeneracies of the phonon energies and the structure of the normal modes.

Now let us focus on the spinel crystals with the space group of Fd3m.
For the sake of simplicity ion cores are treated classically. In the harmonic
approximation the equation of motion for the atoms is given by the eigenvalue
problem of the dynamical matrix as follows

Hph =
∑
Rn,αν

[pαν(t,Rn)]
2

2Mν

+
∑

Rn,Rm
αν,βµ

1

2
Dαν,βµ(Rn −Rm)uαν(t,Rn)uβµ(t,Rm),

ω2Mνuαν(ω,Rn) =
∑

Rm,βµ

Dαν,βµ(Rn −Rm)uβµ(ω,Rm), (5.4)

where uαν(t,Rn) is the α component of the displacement for the ν atom in the
unit cell belonging to theRn lattice point and pαν(t,Rn) is the momentum at
the same point and Dαν,βµ(Rn −Rm) is the dynamical matrix. According to
Bloch’s theorem the solutions of the Eqs. 5.2 are plane waves, uανk(t,Rn) =
eikRn wαν . The displacement of a given basis atom is uniform in each lattice
point and the G/T(3) factor group is represented on the basis of the wαν for
zone center phonons. The unit cell of a cubic spinel contains 14 ions (see
Fig. 5.1.) and each of them can move to 3 directions, therefore the atomic
displacements gives a 42 dimensional basis. Since the sublattice positions are
transformed to itself, it is enough to treat the sublattices separately. The
problem can be further simplified by noting that the elements of the space
group permute different atoms of the same sublattice, while transforming
their displacements in the same manner. Therefore, the representation can be
given as a tensor product of the permutations, Dperm and the transformations
of the local coordinate systems, Dα: Dperm⊗Dα. The characters, which are
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Table 5.2: The G/T(3) factor group can be represented on the space of atomic
displacements. The characters of these representations in cubic spinels are
tabulated for each conjugate class.

E 8C3 6{C4|τ} 3C2
4 6{C2|τ} {I|τ} 8{S6|τ} 6S4 3{σh|τ} 6σd

D[A(2)] 6 0 0 -2 0 0 0 -2 0 2
D[Cr(4)] 12 0 0 0 -2 -12 0 0 0 2
D[O(8)] 24 0 0 0 0 0 0 0 0 4

the traces of the representation matrices, are shown in table 5.2. for each
sublattices.

Using the great orthogonality theorem, the representations can be decom-
posed into the sums of irreducible representations:

D(A) = T2g ⊕ T1u,

D(Cr) = A2u ⊕ Eu ⊕ 2T1u ⊕ T2u,

D(O) = A1g ⊕ Eg ⊕ T1g ⊕ 2T2g ⊕ A2u ⊕ Eu ⊕ 2T1u ⊕ T2u. (5.5)

Those phonon modes in which the atomic displacements generate electric
polarization are called infrared active phonon modes since infrared radiation
can excite only these vibrations. The components of the polarization trans-
forms like the x, y and z coordinates, which correspond to the T1u irrep in
cubic spinels (see Fig. 5.5). The T1u irrep is triply degenerate due to the
equivalence of the [100], [010] and [001] directions in a cubic crystal. Al-
though the 5.2 decomposition contains 5 T1u irreps only 4 triply degenerate
optical phonon modes are infrared active among the 17 lattice vibrations
since the acoustic phonon mode corresponding to the translation along the
x, y and z axis also transforms as T1u.

When the cubic spinel lattice is distorted along the [001] direction, e.g.
due to Jahn-Teller distortion, the number of atoms in the unit cell do not
change, thus, the same 42 dimensional space describes the phonons in the Γ
point. However, the space group is reduced to the tetragonal I41/amd and
the new point group is the 4/mmm. Due to the lowering of the symmetry
the irreducible representations of the cubic lattice may become reducible as
shown in Fig. 5.5. Each infrared active T1u mode is split into a doubly
degenerate Eu and a non-degenerate A2u mode since the tetragonal [001]
axis becomes distinct from the [100] and the [010] directions. (Please note,
that A2u labels different irreps in the point groups m3m and 4/mmm.) Both
of them remain infrared active. Furthermore, the silent T2u phonons become
infrared active as they are split into an infrared active Eu and a silent B2u

modes. Further distortion of the lattice would lead orthorhombic or lower
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Figure 5.5: As the symmetry of the cubic spinel lattice is lowered to tetragonal
and to orthorhombic the degeneracy of the infrared active T1u mode gradually
is lifted.

symmetry. In this case the lattice vibrations are different along the x, y or z
directions and the three-fold degeneracy of T1u modes is completely lifted.

5.3 Spin-lattice interaction in frustrated mag-

nets

The spin-lattice coupling has been intensively studied in ZnCr2O4 since the
magnetic chromium ions form a magnetically frustrated pyrochlore lattice
with antiferromagnetically coupled S=3/2 spins [13, 6, 7, 8]. In spite of the
strong antiferromagnetic coupling, ΘCW≈400K, the magnetic order develops
only below TN=12.5K [13]. Furthermore, the magnetic ordering is accompa-
nied by a tetragonal lattice distortion. This transition is often termed as the
spin Jahn-Teller transition for the following reasons. The magnetic ground
state of the pyrochlore lattice with antiferromagnetic coupling is a spin liquid
both in the classical (S=∞) and in the quantum (S=1/2) limit due to the
high symmetry of the lattice [29, 30]. In ZnCr2O4, a structural distortion
lowers the symmetry of the spin system through the spin-lattice coupling by
which a unique ground state is selected in analogously to the loss of orbital
degeneracy in the Jahn-Teller effect.

The possible origin of the spin-lattice coupling is the spatial dependence

76



of the J(rnm) exchange interaction between spins on the n and m sites:

J(rnm)SnSm = {Jo +
∂J

∂rα
[uα(Rn)− uα(Rm)]

+
1

2

∂2J

∂rα∂rβ
[uα(Rn)− uα(Rm)][uβ(Rn)− uβ(Rm)] + . . .}SnSm.

(5.6)

The terms linear in the atomic displacements shift the equilibrium positions
and may cause symmetry lowering via a static distortion. For a single tetra-
hedron with 43m symmetry, which is the building blocks of the pyrochlore
lattice, Tchernyshyov and his coworkers showed that the E type vibrational
mode couples to the ground state manifold through the ∂αJ term [6, 14].
Roughly speaking this vibration compresses and elongates the tetrahedron
along a principal axis, say [001], and the energy of the bonds perpendicular to
[001] will be different from the other four bonds. As the tetragonal distortion
becomes static a collinear or a coplanar antiferromagnetic order is selected
depending on the sign of ∂αJ. A collinear arrangement is shown in Fig. 5.6.
b. The authors constructed a Landau theory for the whole pyrochlore lat-
tice and they found that a plethora of ground sates with different collinear
and coplanar spin structures emerge on the tetragonally distorted lattice.
X-ray and neutron diffraction studies confirmed the tetragonal distortion in
ZnCr2O4 [13, 31]. However, the recently observed non-collinear spin struc-
ture is not consistent with either of the theoretically proposed models and
indicates the importance of the antisymmetric or further neighbor exchange
interactions [31].

Figure 5.6: (a) The left panel represents one of the T1u normal modes which
modulates the Cr-Cr exchange path. (b) A possible spin Jahn-Teller ordering
on a compressed tetrahedron: the four shorter bonds are satisfied, while the
two longer ones are still frustrated [7].

The tetragonal distortion in ZnCr2O4 has been observed in the anisotropy
of the infrared active phonon modes, as well [7]. Among the four infrared
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active lattice vibrations the second mode shows large splitting upon the mag-
netic phase transition (see Fig. 5.7.). The exact determination of the normal
coordinates by first-principle calculations indicated that the phonon mode
around E≈372 cm−1 modulates mostly the Cr-Cr direct exchange path as
presented in Fig. 5.6. a [8].

Figure 5.7: The blue curve is the far infrared reflectivity spectrum of ZnCr2O4

at T≈10K, while the black one is the difference in the reflectivity recorded at
T≈13.5K and at T≈10K (above and below the ordering temperature). The
four main structures in the reflectivity correspond to the four infrared active
T1u phonons. The inset demonstrate the splitting of the second phonon mode
by comparing the low (blue) and the high temperature (red) reflectivity spectra
[7].

The spin-phonon interaction can be derived from the second order term
in the spatial dependence of the exchange interaction (see Eq. 5.3) [7, 32].
This gives an additional term to the dynamical matrix

δDα,β(Rn −Rm) =
∂2J

∂uα(Rn)∂uβ(Rm)
SnSm, (5.7)

where the sublattice indexes are neglected for simplicity. In the model system
shown in Fig. 5.6 b, the anisotropy of the phonon frequencies arise from the
inequivalence between the inplane bonds (1-2 and 3-4) and the other four
bonds. In accordance with this simple model, the analysis of infrared phonon
modes in ZnCr2O4 supported the following proportionality:

ωx − ωz = γ⟨S1S2 − S1S3⟩, (5.8)
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where the value of the γ prefactor is consistent with the static distortion [7].
The frustration-induced lattice distortion and anisotropic lattice vibra-

tional properties are more common. Similar effects have been found in the sis-
ter compounds of ZnCr2O4, including CdCr2O4, HgCr2O4, MgCr2O4 [33, 34]
and even in simple transition metal oxides with rocksalt structure [35, 9].

5.4 Infrared active phonon modes in ACr2O4

chromium spinels

Single crystals of ACr2O4 (A=Mn, Fe, Co, Ni and Cu) were grown by Dr. K.
Ohgushi by a chemical vapor transport method with typical dimensions of
300-600µm. The temperature dependence of the normal incidence reflectivity
spectra were measured on the (111) surface with a Fourier transform infrared
spectrometer (Bruker IFS 66/v) coupled to a microscope (Burker Hyperion)
over the photon energy range of ω=100-16000 cm−1. To facilitate proper
Kramers-Kronig transformation, reflectivity measurements were extended up
to ω=320000 cm−1 at room temperature and up to ω=40000 cm−1 at low
temperatures by K. Ohgushi using grating spectrometers.

The as-grown surface of the crystals were used in the experiments to
avoid artificial change of the phonon spectra caused by a polishing induced
strain. In case of FeCr2O4 and CoCr2O4, the surface were flat and shiny and
reflectivity was measured with the accuracy of ∼1%, while the surface of the
CuCr2O4 consisted of small terraces, which caused ∼2-3% uncertainty in the
value of the absolute reflectivity. The surface roughness of the MnCr2O4 and
the NiCr2O4 crystals demanded to use polished samples, as well, and the
reflectivity of the as-grown samples were normalized to those.

Figure 5.8 compares the reflectivity of all the investigated chromium
spinel oxides in their ground state as measured at T=10K. The detailed
temperature dependence of the reflectivity is shown in the Appendix. In Fig.
5.8 a, four distinct excitations corresponding to the four infrared active fonon
modes can be observed in the spectra of the MnCr2O4 and the CoCr2O4 even
at T=10K. Whereas the reflectivity for the other three compounds (see Fig.
5.8 b) contains additional features indicating the lowering of the cubic sym-
metry. The high energy part of the reflectivity shows that the O 2p → Cr,A
3d charge transfer excitations, which determines the gap, are located between
ω=10000-20000 cm−1 .

To analyze these results in more details, the optical conductivity spectra
were calculated from the reflectivity with Kramers-Kronig transformation
(see Figs. 5.9, 5.10, 5.13, 5.15 and 5.17). The optical conductivity spectrum
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Figure 5.8: (a) Reflectivity spectra of MnCr2O4 and CoCr2O4 at the low-
est temperature, T=10K. (b) Reflectivity spectra of the Jahn-Teller active
compounds, FeCr2O4, NiCr2O4 and CuCr2O4 at T=10K.

has the advantage that usually it can be decomposed as a sum of peaks,
while the reflectivity has a far more complicated structure in the vicinity of an
excitation as shown in chapter 3. The detailed temperature dependence of the
optical conductivity spectra are given in the Appendix for each compound.

When the inverse lifetime, γi=1/τi, is smaller then the frequency of the
fonon mode, ωoi, the optical conductivity can be well described with a sum
of Lorentzian peaks:

σ =
ω

i

(
ε∞ − 1 +

∑
i

Si

ω2
oi − ω2 − iωγi

)
, (5.9)

where Si is the oscillator strength, which is proportional to the electric dipole
matrix element of the corresponding excitation, and ε∞ is the background
dielectric constant due to the electron excitations at higher energies [36].

The optical conductivity of MnCr2O4 and CoCr2O4 are shown in Fig.
5.9 and 5.10, respectively, both at 10K and 300K. In agreement with the
group theoretical calculation, four phonon modes were observed in the cubic
paramagnetic phase at T=300K. The frequency dependence of the optical
conductivity was fitted by the expression 5.9 for each temperature and the
phonon resonance frequencies were plotted as a function of temperature in
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Figure 5.9: The optical conductivity of MnCr2O4 contains four infrared active
phonon modes at T=300K and T=10K, as well.
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Figure 5.10: The optical conductivity of CoCr2O4 contains four infrared ac-
tive phonon modes both at T=300K and T=10K

Fig. 5.11 and 5.12. With decreasing temperature the phonon lifetime in-
creases and the frequencies are shifted toward higher energies due to the
hardening of the lattice. However, we could not resolve any splitting (in-
duced by anisotropy) in the lattice dynamics within the resolution of our
experiment, ∆ω=1 cm−1. Therefore, we have concluded that MnCr2O4 and
CoCr2O4 remains nearly cubic down to the lowest temperature.

At room temperature FeCr2O4 is cubic and paramagnetic. Similarly to
the compounds discussed above four phonon modes can be observed in its
optical conductivity spectra as shown in Fig. 5.13. However, the lowest en-
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Figure 5.11: The temperature dependence of the phonon frequencies in
MnCr2O4. Neither the ferrimagnetic phase transition at Tc=51K nor the
appearance of the conical spin order at TS=14K have observable influence
the phonon frequencies.

ergy mode is clearly split upon the subsequent Jahn-Teller and ferrimagnetic
phase transitions. Moreover, the highest energy mode seems to be anoma-
lously broadened as the temperature is decreased.
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Figure 5.12: The temperature dependence of the phonon frequencies in
CoCr2O4. Neither the ferrimagnetic phase transition at Tc=93K nor the
appearance of the conical spin order at TS=26K affect the phonon frequen-
cies.
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Figure 5.13: The optical conductivity of FeCr2O4 in the region of the infrared
active phonon modes at several temperatures. The crystal symmetry lowering
is clearly evidenced by the splitting of the lowest energy phonon.
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For a rigorous analysis, the optical conductivity was also fitted by Lorentz
oscillators in this case. The temperature dependence of the phonon frequen-
cies can be followed in Fig. 5.14. From the four triply degenerate T1u modes,
only the first and the fourth modes were split in the ferrimagnetic phase,
whose degeneracy were partly already lifted upon the Jahn-Teller transition.
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Figure 5.14: The temperature dependence of the phonon frequencies in
FeCr2O4. The highest and the lowest energy phonon modes are split upon
the Jahn-Teller and the ferrimagnetic phase transitions at TJT=140K and
Tc=93K, respectively.

The cubic to tetragonal distortion in NiCr2O4 is just above room temper-
ature at TJT=310K. Thus, the NiCr2O4 sample was warmed up to T=335K
to identify the effect of Jahn-Teller transition. The optical conductivity is
shown at various temperatures in Fig. 5.15. At the highest temperature
the presence of four infrared active phonons indicates the cubic spinel struc-
ture. In the Jahn-Teller phase, beside the strong splitting of the phonon
frequencies around ω3 ∼470 cm−1 and ω4 ∼600 cm−1, a fifth mode appears
at ω ≈540 cm−1 in addition to the other vibrations. Therefore, it cannot be
identified with either of the cubic T1u phonons, instead it is one of the two
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T2u modes silent in the cubic phase, which is split to a double degenerate
infrared active Eu mode when the lattice symmetry is lowered.
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Figure 5.15: The optical conductivity of NiCr2O4 contains four infrared active
phonon modes around T≥300K, while several new resonances appears at the
lowest temperature, at T=10K.

The detailed analysis of the optical conductivity (see Fig. 5.16.) revealed
that both of the silent T2u modes become infrared active. The appearance of
three peaks around ω3 ∼470 cm−1 below T≤250K can be interpreted only by
the onset of the other infrared forbidden T2u phonon, which is also split and
becomes partially active. Although at T=300K the sample is already in the
tetragonal phase neither of the activated modes was visible. Possibly their
oscillator strength were too small since it originates from the hybridization
with originally infrared active phonons. As the temperature is lowered below
the ferrimagnetic transition, the excitation branch around ω3 ∼470 cm−1 is
further split, which reflects the presence of magneto-elastic effects. Finally,
we note that the frequency of the lowest energy phonon shows red shift
anomalously with decreasing temperature. The softening of this phonon
mode upon the Jahn-Teller transition was previously reported by Siratori
[37].
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Figure 5.16: The temperature dependence of the phonon frequencies in
NiCr2O4. Beside the splitting of the fourth (dark green) and the third (red)
phonon modes, two silent modes (green and orange) become infrared active
in the Jahn-Teller phase. Upon the ferrimagnetic transition at Tc=74K only
the third mode and one of the originally silent modes are split.

Finally, the optical conductivity of CuCr2O4 is displayed in Fig. 5.17
at several temperatures below the cubic to tetragonal transition. The high
Jahn-Teller temperature, TJT=854K, inhibited the investigation of the cubic
phase of CuCr2O4. The reduction of the symmetry can be discerned for
the low-energy phonon modes around ω1 ∼140 cm−1 and ω2 ≈370 cm−1 (see
Fig. 5.17 a). At room temperature in the paramagnetic tetragonal phase
the double peak structure of the resonances reflect that the tetragonal axis is
distinguished by the distortion. The development of the canted ferrimagnetic
order further lowers the symmetry and splits the phonon frequencies into
three.
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Figure 5.17: The optical conductivity of CuCr2O4 at several temperatures.
The phonon frequencies show partial splitting already at room temperature
due to the Jahn-Teller distortion.

The map of the phonon frequencies as a the function of temperature is
shown in Fig. 5.18. At room temperature the optical conductivity can be
fitted by the sum of eight Lorentzian peaks implying that all of the infrared
active phonon modes are split into two according to T1u→Eu⊕A2u as a con-
sequence of the Jahn-Teller distortion. The degeneracy of the Eu modes is
lifted by the subsequent magnetic phase transition in each phonon branch.
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Figure 5.18: The temperature dependence of the phonon frequencies in
CuCr2O4. All of the phonon frequencies are split at room temperature by
the Jahn-Teller distortion. The appearance of the canted antiferromagnetic
structure is accompanied by further lowering of the symmetry. The degener-
acy of the lattice vibrations are fully lifted.

We have compared the frequencies of the vibrations at room temperature
as a function of the atomic mass on the A-site as shown in Fig. 5.19. In
the case of CuCr2O4 the average of the phonon frequencies, (ωEu+ωA2u)/2
were plotted since the Jahn-Teller distortion at T=854K results in highly
anisotropic vibrations already at room temperature. This comparison ob-
viously neglects the variation in the interatomic forces, which is probably
affected by the change of the cation A. The third mode is monotonously
hardened as the mass of the A-site cation increases, thus, the corresponding
normal coordinates may contain the motion of the A-sites to a large extent.
The highest frequency is almost constant, therefore, it may dominantly in-
volve the vibration of the oxygen and chromium ions. The second mode is
again almost independent of the mass of the A-site, except A=Cu, where
the averaged frequency may not capture the dynamics correctly. This im-
plies that this mode mainly contains the displacements of the chromium and
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oxygen ions, as well, which is in accordance with first principle calculations
[8]. The first mode does not show any clear tendency. These systematics can
serve as a basis of a lattice dynamical calculation in the future to understand
magneto-elasticity of this family.

54 56 58 60 62 64 66
0,8

0,9

1,0

0,8

0,9

1,0

0,96

1,00

0,96

1,00

1,00

1,04

1,08

1,00

1,04

1,08

1,00

1,04

1,00

1,04

o/
M

n

  

Atomic mass of the ion A2+ (g/mol)

Cu2+ Zn2+Mn2+ Fe2+ Ni2+ Co2+

  

 
 

 

 

Figure 5.19: The phonon frequencies for MnCr2O4, FeCr2O4, CoCr2O4,
NiCr2O4 and CuCr2O4 (normalized by those in MnCr2O4) are shown as a
function of the atomic mass of the A-site cation at room temperature. The
frequency of the third (red) mode monotonously increases, hence, its normal
coordinate contains the motion of the A-site cation. The second (blue) and
the fourth (green) modes are less affected, these may only involve the motion
of the chromium and oxygen ions.

Finally, we have concluded that only those ACr2O4 chromium spinels
show magneto-elastic effect uppon the magnetic phase transition, which also
undergo the Jahn-Teller distortion, i.e. in which the A-site cation has orbital
degree of freedom in the cubic phase. Additionally, only those infrared active
phonon modes were split by the magnetic phase transitions whose degeneracy
were already lifted by the tetragonal distortion. The complete lifting of the
degeneracy implies that the symmtery is reduced at least to orthorhombic in
their magnetic phase. In ZnCr2O4 the second phonon mode was the unique
indicator of the magnetic phase transition, since it modulates the Cr-Cr direct
exchange path while in the case of magnetic A-site chromites this mode was
split only in CuCr2O4, where all of the T1u vibrations were sensitive to the
magnetic ordering. These findings indicate that the anisotropy of the lattice
dynamics has different origin in ACr2O4 chromium spinels as compared to
ZnCr2O4, where the frustration drives the spin Jahn-Teller distortion.
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Possibly in these compounds the interplay of the spin-orbit coupling and
the Jahn-Teller effect is important. This is supported by the remarkable con-
trast between CoCr2O4 with nearly isotropic lattice dynamics and CuCr2O4

in which each phonon mode exhibits a pronounced splitting. In the former,
the orbital moment of Co2+ ion is quenched and the spin-orbit interaction is
weak, since it can only mix states separated by the large tetrahedral crys-
tal field. While in CuCr2O4, the spin-orbit interaction is more effective as
it competes only with the smaller tetragonal component of the crystal field
within the t2 subspace. Moreover, recently Ohtani et al. have reported
that the crystal symmetry of FeCr2O4 is orthorhombic in the magnetically
ordered phase according to their x-ray diffraction study in agreement with
our findings [38]. To explain their results they developed a single-ion model,
which includes the spin-orbit coupling on the Fe2+ ion and the distortion of
neighboring oxygen tetrahedra. The mean field of the surrounding magnetic
moments fixes the direction of the spin and via the spin-orbit interaction it
also polarizes the orbitals, which competes the Jahn-Teller transition.
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Chapter 6

Optical magnetoelectric effect
of spin waves in the
multiferroic Ba2CoGe2O7

Multiferroics are a recently discovered family of materials, which simultane-
ously exhibit long-range magnetic and ferroelectric order [1, 2, 3]. Possible
future applications of multiferroics as building block of a fundamentally new
information technology require strong coupling of the two order parameters
in order to control magnetization via electric field or ferroelectric polariza-
tion via magnetic field. The entanglement of the static magnetization and
the electric polarization in multiferroics results in the mixing of the low-lying
excitations, namely electric field excited spin waves. Thanks to the recent
development in the low-energy (THz) spectroscopy and the advances in the
synthesis of multiferroics, this new class of excitations also called electro-
magnons has been observed in several orthorhombic manganites TbMnO3,
GdMnO3 [4], DyMnO3 [5], TbMn2O5, YMn2O5 [6], in Y-type hexaferrites
Ba2Mg2Fe12O22 [7] and in BiFeO3 which shows multiferroic order already at
room temperature [8]. The strong hybridization between the magnetic and
the electric dipole excitations is expected to be manifested in several exotic
magneto-optical effect, such as directional anisotropy, as it was discussed in
chapter 2.

6.1 Crystal structure and magnetic ordering

in Ba2CoGe2O7

We have studied the optical properties of a recently synthetized multiferroic
oxide, Ba2CoGe2O7, in the photon energy region of the spin excitation to
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explore possible new magneto-optical effects. We found that a simple two-
sublattice antiferromagnetic structure when combined with a special symme-
try of the underlying lattice opens the way to observe magnetic field induced
chirality, giant optical magnetoelectric effect and magnetochiral dichroism.

The crystal structure is shown in Fig. 6.1 in the high-temperature para-
magnetic phase, which belongs to the tetragonal P421m space group [9]. Al-
though the corresponding point symmetry group, 42m is non-centrosymmetric,
the presence of the 4 rotary-reflection and m mirror symmetry imply that
the crystal is neither polar nor chiral in this phase.

Ba

Co

Ge

O

P42
1
m

[010]

[001]

 [100]

2
1

m

[001]

[010]

[100]

4

Figure 6.1: The crystal structure of Ba2CoGe2O7 belongs to the tetragonal
space group P421m [9].

Ba2CoGe2O7 is an insulator with blue color due to its charge gap of
Egap≈4 eV. The tetrahedrally coordinated Co2+ ions with S=3/2 spins are re-
sponsible for the magnetism similarly to the case of the spinel oxide CoCr2O4

(see Fig. 5.2). According to preceding studies of neutron scattering [9, 10]
and magnetization [11, 12, 13], below TN=6.7K the magnetic moments lie
in the tetragonal plane and form an antiferromagnetic structure with tiny
canting along the [110] or the equivalent [110] direction, as shown in Fig.
6.2. The ordered moment is ∼2.7µB/Co [9]. The angular dependence of the
magnetization measured by H. Murakawa et al. [13] shows that the magnetic
susceptibility along the easy axis [110] is larger by a factor of two compared
to the hard axis [001] up to B∼10T. Meanwhile, the magnetic anisotropy
within the (001) plane is almost zero, since a magnetic field of B=1T is
enough to freely rotate the spins (see Fig. 6.3), hence Ba2CoGe2O7 is an
easy-plane antiferromagnet. The tiny ferromagnetic component is caused by
the Dzyaloshinskii-Moriya interaction, which is active due to the lack of inver-
sion symmetry between the nearest neighbor Co2+ ions. The canting angle,
estimated from the ratio of the remanent magnetization and the expected
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saturation momentum is rather small, ϕ ≈0.1 ◦.

P P
B B

m(110)

B
B

ba

[1 0]1

Polar Chiral

Figure 6.2: a) Below TN=6.7K, the magnetic moment of the Co2+ ions
(S=3/2) form an antiferromagnetic structure with tiny spontaneous canting
along the [110] or the equivalent [110] direction. The single domain situ-
ation is obtained by small fields (B.0.1T) and a ferroelectric polarization
appears along the [001] direction as an even function of the magnetic field
[13]. By 180◦ rotation of the crystal around the [110] axis, the polarization
is reversed in the frame of the observer, while the magnetization is fixed by
the external field, therefore, the toroidal moment is also reversed. b) Owing
to the lattice symmetry, the same antiferromagnetic structure induces chiral-
ity, when the external magnetic field points along the [100] or [010] axis by
reducing the point group to 22’2’ or 2’22’, respectively. Switching between the
two enantiomers (chiral forms) can be carried out by rotation of the external
magnetic field from [100] to [010] direction as it is equivalent to the m(110)

mirror reflection [10, 9].

The magnetic ordering at TN=6.7K is accompanied with a spontaneous
ferroelectric polarization along the [001] direction as shown in Fig. 6.3 a and
b [12, 13]. If the single domain situation is achieved by a small magnetic
field (|B| &0.1T) applied along the easy magnetization axes, [110] or [110]
the ferroelectric polarization, P, behaves as an even function of the external
magnetic field (see Fig. 6.3 c and d). By rotating the magnetic field within
the (001) plane, a single domain structure with zero ferroelectric polarization
can also be realized (see Fig. 6.3 e). Thus, the external magnetic field can
drastically change the ground state of the system.

In agreement with the results of the polarization measurements, the mm′2′

symmetry of the magnetically ordered system (deduced on the basis of the
crystal structure and neutron scattering data) allows the presence of ferro-
electric polarization along the [001] direction when the magnetization points
along the easy axis, [110] (see Fig. 6.2 a). As a result a state with ferro-
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toroidic order emerges. On one hand the toroidal moment (T=P×M) can
be reversed by simply reversing the direction of the magnetic field since the
ferroelectric polarization, P, is an even function of the magnetic field. On
the other hand, P changes sign if the sample is rotated by 180 ◦ around the
[110] axis as shown in Fig. 6.3 c and d [13].

In the literature, the results of the static magnetization and electric po-
larization measurements were interpreted in terms of a model previously
proposed by T. Arima [14, 13]. This predicts that the hybridization between
the Co2+ ions and the O2− ligands depend on the direction of the Co2+ spins
due to the spin-orbit coupling. According to this model, the polarization of
a metal-ligand bond is proportional to P∝(S·e)2e, where e is the unit vector
pointing from the metal toward the ligand and S is the spin on the metal
site [14]. If the contributions of all the four neighbors sitting at the corners
of a tetrahedron are summed up, the electric polarization has the following
form:

P ∝
4∑

i=1

(S · ei)2ei, (6.1)

where the summation runs over the neighbors. This model captures the de-
pendence of the electric polarization both on the strength and the orientation
of the magnetic field including the sign reversal of P in large magnetic fields,
H∥[110] [13].

When M is parallel to [100] (or [010]) the ferroelectric polarization is
zero and the magnetic point symmetry is 22′2′ as shown in the Fig. 6.2 b.
The 22′2′ magnetic point group is not polar, but it is chiral. The possibility
of magnetic field induced chirality in the 42m crystal class was recognized
recently by Arima et al. [15]. The main idea is sketched in the Fig. 6.4.
A regular tetrahedron compressed (or elongated) along the [001] direction
has the 42m symmetry, thus, it represents the symmetry of the crystal in
its paramagnetic state. When a static magnetic field is applied, the lattice
structure can get further distorted with different lattice constant parallel and
perpendicular to the field direction due to the spin-lattice coupling. Thus,
the symmetry is reduced to 222. This is the symmetry group of a markedly
chiral object, the double helix, as well.

Generally, mirror reflection or inversion transform one enantiomer to the
other. In the case of Ba2CoGe2O7, it is convenient to study the mirror
reflection to the (110) or the (110) plane, since it is a symmetry of the
paramagnetic crystal. Such m(110) reflection flips the external magnetic field
(which is an axial vector) from the [100] direction to the [010] direction as
shown in Fig. 6.2 b. Therefore, the switching between the two enantiomers
can be similarly realized by 90 ◦ rotation of the external magnetic field within
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e

a

b

Figure 6.3: a)-b) Below TN=6.7K the spontaneous magnetization pointing
along the easy axis [110] generates ferroelectric polarization parallel to the
tetragonal axis, [001] (red curves). If the magnetization lies in the [001]
hard axis, the polarization is zero within the accuracy of the measurement
(black curve). c) The field dependence of the magnetization, M||[110], and
the polarization, P||[001], when the magnetic field is applied along the [110]
direction at T=3.4K. d) When the sample is rotated by 180◦ around the [110]
axis the polarization is reversed. e) The variation of the P||[001] component
of the polarization upon the rotation of the magnetization within the (001)
plane [13].

the (001) plane.
Beside the static measurements, the spin excitations were studied by

means of inelastic neutron scattering by Zheludev et al. [10]. They have
found a quasi-acoustic and an almost dispersionless optical magnon mode as
show in Fig. 6.5. The energy of the optical magnon mode is E=2.25meV at
the Γ point. The dispersion relations were fitted satisfactorily by an S=1/2
effective Heisenberg-model with anisotropic exchange interaction, J⊥/Jz≈2.6.
This model assumes large easy plane anisotropy and takes into account only
the lowest energy Kramers doublets of the Co2+ ions.
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Figure 6.4: The 42m point group of the Ba2CoGe2O7 can be represented by
a single tetrahedron compressed along the [001] axis. As a possible view of
the field-induced chirality, magnetoelasticity causes difference in the lattice
constant perpendicular and parallel to the ferromagnetic moment, thus the
representative tetrahedron is further distorted to a chiral form with the same
222 symmetry than that of a double helix.

Figure 6.5: The spin-wave dispersion relation along high symmetry lines of
the Brillouin zone in Ba2CoGe2O7 below E<4meV as determined by inelastic
neutron scattering [10].

6.2 Giant directional dichroism for terahertz

light in Ba2CoGe2O7

We have investigated the low-lying excitations of Ba2CoGe2O7 by means
of terahertz time-domain spectroscopy over the frequency region of ν=0.2-
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2THz. High-quality single crystal rods were prepared by H. Murakawa [13].
The rods were orientated by Laue x-ray diffraction and cut into slabs with
typical dimensions of 4×4×1mm3.

The complex transmission coefficient was measured and the absorption
coefficient of the sample was evaluated as already discussed in Chapter 3.
In the multiferroic phase two distinct peaks were observed in the absorption
spectra at f∼0.5THz and f∼1THz as shown in Fig. 6.6. At the lowest tem-
perature T=3.3K and in zero magnetic field, we have performed a systematic
study with change of the light polarization, Eω and Hω, to establish the se-
lection rules for the different spin wave branches. While the higher-energy
mode can be excited for any polarization configuration, the lower one is silent
if the magnetic component of the light is parallel to the tetragonal axis, i.e.
Hω∥[001]. Moreover, the strength of the 0.5THz mode is independent of the
orientation of the light Eω vector implying that this excitation has a domi-
nantly magnetic-dipole character. This excitation is identical to the optical
magnon mode observed in the inelastic neutron scattering experiments with
an excitation energy E≈2meV at the Γ point [10, 9]. On the other hand, as
it is clear from the main polarization configurations shown in Fig. 6.6, the
intensity of the sharp transition at ∼ 1THz changes if either Hω or Eω is
varied. Beside the magnetic component of the radiation this magnetic reso-
nance can also be excited by the electric field of the light. Such spin wave
excitations, which gain a dual character (both magnetic and electric dipole
allowed) via the magnetoelectric coupling, are termed as electromagnons in
the literature [4, 5, 6, 7, 8].

As expected for usual spin waves, with increasing temperature the ab-
sorption of the 0.5THz mode is gradually reduced and disappears above
TN≈6.7K together with the underlying antiferromagnetic order (see Fig.
6.6 b). In contrast, the electromagnon at 1THz survives above TN with an
increasing red-shift and broadening. Both modes show conspicuous magneto-
chroism; their intensity is enhanced with the application of magnetic field
along the [110] direction and a splitting with a g-factor ∼2 in high fields can
be also followed in Fig. 6.6 c.

To gain more information about nature of the spin excitations, we have
measured the magnetic field dependence of the absorption coefficient for var-
ious light polarizations and for different field orientations. Representative
maps of the absorption spectra are shown in Fig. 6.7 over the magnetic field
range B=0-7T and the frequency range ν=0.3-1.3THz at T=3.3K. As dis-
cussed above, the magnon mode at 0.5THz is silent if Bω ∥[001], while the
electromagnon is active in every configuration. The electromagnon symmet-
rically splits into two and the low-energy spin resonance is shifted toward
higher energies when the magnetic field is applied along the hard axis [001]
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Figure 6.6: Selection rules and characteristics for the magnon modes. The
spectra are shifted relative to each other with the corresponding baselines.
a) Light polarization dependence at T=3.4K in zero field when the [110]
and [110] directions are equivalent. The 0.5THz mode is excited by the Hω

magnetic component of light but insensitive to the change of the Eω electric
component. By contrast, the 1THz mode is clearly affected by the variation
of either Hω or Eω. b) Temperature dependence of the absorption spectrum.
The conventional magnon disappears above the Néel temperature, while the
electromagnon at 1THz subsists well above TN with a considerable fraction
of its oscillatory strength present even at ∼20K. c) At T=3.4K the both
modes split into two excitations (the side peaks are indicated by arrows) with
a g-factor ∼2 in high fields.

(see panel a and b). On the other hand, magnetic fields pointing along the
easy axis [110] cause an asymmetrical splitting of the electromagnon mode.
Even the selection rules are different for the two branches. One of them
appear if Eω ∥[110], while the other is active in the Eω ∥[001] configuration.
The field dependence of the 0.5THz mode for Bdc∥[110] shows a sudden
change at Bdc ≈5T. The observed selection rules and the field dependence of
the resonance frequencies form a good basis to construct a theoretical spin
model.

We have tested the optical magnetoelectric effect by the measurement of
the absorption coefficient upon the reversal of the toroidal moment in the
ferrotoroidic phase of the Ba2CoGe2O7, i.e. for M||[110] and P||[001]. The
experiments are sketched in Fig. 6.8 a and b. Magnetoelectric directional
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Figure 6.7: The magnetic field dependence of the absorption spectra in
Ba2CoGe2O7. The light regions indicate large absorptions. a) and b) When
the magnetic field applied along the hard axis [001], the electromagnon at
1THz symmetrically splits into two branches, while the 0.5THz mode is
hardened. c) and d) On the other hand, the electromagnon splits antisym-
metrically, when the magnetic field points along the easy axis [110]. The
dispersionless branch (see panel c)) is active if Eω ∥[110], while the other
branch is excited in the Eω ∥[001] configuration (see panel d)). In the latter
case an additional mode appears near the usual magnon mode at 0.5THz.

dichroism can arise if the wave vector is parallel or antiparallel to the toroidal
moment, T||q||[110].

In the first series of measurement, the magnetization was reversed by the
external field, which also switches the toroidal moment, since the ferroelec-
tric polarization is an even function of the magnetic field. The difference in
the absorption coefficient upon the reversal of the magnetic field shows the
presence of finite directional dichroism solely for the electromagnon mode
when the incident light polarization is Eω||P and Hω||M as shown in Fig.
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Figure 6.8: Directional dichroism, i.e. the change in the absorption upon the
reversal of the light propagation, can be equivalently induced by the switching
of either the static magnetization (M) or the polarization (P) of the sample.
a) Due to the resonant absorption, the radiation decays as passing through
the material. This loss can be controlled both by M (∥ Hω) and P (∥ Eω).
b) For example, the reversal of P by 180◦ rotation of the sample around
the [110] axis can reduce the absorption, which is somewhat exaggerated for
clarity. c) and d) Only the absorption of the electromagnon at 1THz has a
large component odd both in M and P, thus, shows directional dichroism, ∆α.
e, With increasing magnetic field, ∆α spectra grow monotonously, f) while
it vanishes out of the multiferroic phase above TN=6.7K even in H=70 kOe.

6.8. Please note that the magnetization was perpendicular to the propagation
direction, thus, Faraday-effect is not active. Only magnetic field even Cotton-
Mouton effect may appear. The magnetic field and temperature dependence
of the magnetoelectric directional dichroism spectrum, which corresponds to
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the field odd term in the absorption coefficient, is shown in Fig. 6.8. e, f. At
the lowest temperature the field dependence of the directional dichroism sig-
nal follows that of the electromagnon mode. On the other hand, it disappears
above TN=6.7K in contrast to the electromagnon mode, which survives in
the paramagnetic phase. No effect has been found for incident light polariza-
tion Eω⊥P within the precision of the experiment. An other way to reverse
the toroidal moment is the rotation of the crystal by 180◦ around [110] since
this operation switches the polarization, while the magnetization remains
fixed by the external field. In this case, the sign of the absorption difference
is again reversed as shown in Fig. 6.8. c and d. Therefore, we found that the
absorption difference, i.e. the directional dichroism signal can be reversed
by changing the sign of the toroidal moment, T=P×M, with either by fix-
ing the direction of the polarization and reversing the magnetization or by
reversing the polarization and keeping the magnetization intact.

Based on these experimental results we concluded that the electromagnon
excitation at f∼1THz shows an optical magnetoelectric effect corresponding
to an exceptionally large relative change of the absorption coefficient, ∆α/⟨α⟩
=2(α+M − α−M)/(α+M + α−M)≈0.6 in B=±7T. Please note that the effect
is still large, ∆α/⟨α⟩ ≈0.2, in magnetic fields as small as B=0.1T. The
simultaneous spontaneous electric polarization and magnetization present in
this multiferroic compound allow remarkable direction dichroism, which can
be reversed by easily accessible fields.

The propagation of the electromagnetic radiation was analyzed by solving
the Maxwell equations. The coordinate system is chosen as follows: x||[110],
y||[110] and z||[001]. The magnetization of the sample is parallel to x, the
ferroelectric polarization points toward z and the light propagates along the
y direction. Based on the magnetic symmetry, mxm

′
y2

′
z, we have determined

the non-vanishing matrix elements of the optical properties tensors from
Neumann’s principle:

µαβ =

 µ′
xx 0 0
0 µ′

yy µ′′
yz

0 −µ′′
yz µ′

zz

 ,
εαβ =

 ε′xx 0 0
0 ε′yy ε′′yz
0 −ε′′yz ε′zz

 ,
χme
αβ =

 0 χ′′
xy χ′

xz

χ′′
yx 0 0
χ′
zx 0 0

 , (6.2)

where µαβ and εαβ are elements of the electric permittivity and magnetic
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permeability tensors, while χme
αβ is the magnetoelectric tensor as defined in

chapter 2. We obtain four independent solutions for the generalized complex
refractive index each corresponding to linearly polarized eigenstates:

N
∥
± = ±

(
χ′
xz − χ′′

xy

εyz
εyy

)
+

√(
εzz +

ε2yz
εyy

)(
µxx +

[χ′′
xy]

2

εyy

)
≈ ±χ′

xz +
√
εzzµxx

N⊥
± = ±

(
χ′
zx − χ′′

yx

µyz

µyy

)
+

√(
εxx +

[χ′′
yx]

2

µyy

)(
µzz +

µ2
yz

µyy

)
≈ ±χ′

zx +
√
εxxµzz, (6.3)

where N
∥
± is the refractive index for ±qy in case Eω is parallel to the ferroelec-

tric polarization and Hω points along the magnetization, while N⊥
± stands for

the perpendicular polarization (Eω∥M & Hω∥P). Then, the non-reciprocal
term in the complex refractive index, whose real/imaginary part corresponds

to the directional birefringence/dichrosim, is obtained as ∆N∥=N
∥
+-N

∥
−=2χ′

xz

and ∆N⊥=2χ′
zx. In Ba2CoGe2O7 the absorption difference proportional to

the imaginary part of ∆N∥ is remarkably large, while the effect for the per-
pendicular polarization, ∆N⊥ is zero within the accuracy of the experiment.
The interpretation of the polarization dependence, namely the large differ-
ence between χ′

xz and χ′
zx, cannot be explained solely on a symmetry basis,

but requires a microscopic theory to be developed. The directional dichroism
offers a unique way to determine elements of the magnetoelectric tensor by
separating their contribution from those of the dielectric function and mag-
netic permeability. By using Eq. 6.3 the following formula can be obtained
for the magnetoelectric tensor:

∆α = 2
ω

c
Im{∆N∥} ≈ 4

ω

c
Im{χ′

xz}, (6.4)

thus, the Im{χ′
xz} ≈0.04 in B=7T, when ∆α ≈30 cm−1. It can be compared

to the strength of the magnetic susceptibility, χmm
xx :

⟨α⟩ ≈ 2
ω

c
Im{√εzzµxx} ≈ ω

c

√
ε∞zzIm{χmm

xx }, (6.5)

where ε∞zz is the background dielectric constant assumed to be 8 from the dc
dielectric measurements [13], which leads to Im{χmm

xx } ≈0.07 . Therefore, for
the electromagnon mode in B=7T this magnetoelectric tensor element is of
the same order of magnitude as the magnetic susceptibility .
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6.3 Optical activity and magneto-chiral dichro-

ism of spin waves in Ba2CoGe2O7

Magnetic field applied along the [100] or the [010] direction induces chi-
rality as predicted based on the analysis of the magnetic symmetry group.
When chiral material is exposed to the light, the natural circular dichroism
can appear for the entire spectrum of the excitations from infrared to x-ray.
However, the handedness of matter has not been directly observed through
excitations of the spin degrees of freedom so far. In Ba2CoGe2O7 the pres-
ence of strong magnetoelectric effect for the electromagnon excitation gives a
hint that the magnetic field even components of the magnetoelectric tensor,
[χme

αβ ]
′′, potentially giving rise to natural optical activity, are also large and

support considerable natural circular dichroism for the spin-wave excitations.
Rotation of the linear polarization was measured in transmission on the

(001) plane, which is isotropic in the paramagnetic phase. The absorption
coefficient, the polarization rotation, and the ellipticity, spectra are displayed
in Fig. 6.9.

When the light propagates along the [001] direction and Bω||M both the
f∼0.5THz and the f∼1THz modes can be excited. In high magnetic field
Bdc=7T the usual magnon mode splits into two bands while the electro-
magnetic resonance shows considerable broadening. The large polarization
rotation θ≈90 ◦/mm, and the corresponding ellipticity η≈45 ◦/mm, are even
functions of the magnetic field. This excludes contributions from Faraday-
effect, but characteristic to natural optical activity (Fig. 6.9. a). The po-
larization rotation and the ellipticity have different sign for the magnon and
the electromagnon. The peak value of the ellipticity at f∼1THz indicates
that the transmitted light behind the t≈1mm tick sample is almost per-
fectly circularly polarized. Magnetic field induced linear birefringence could
cause ellipticity only if the sample is misaligned and even in this case circu-
larly polarized transmitted light would be realized in off-resonance condition
and polarization rotation would be large right at the resonance frequency in
contrast to the present case. Moreover, we found that the circular birefrin-
gence/dichroism changes sign as the magnetic field is rotated by 90◦, which
is a direct evidence for the magnetic field-induced switching of the chirality
(see Fig. 6.9. b). Furthermore, if the external field points toward the inter-
mediate direction [110], the chirality vanishes as indicated by the absence of
the polarization rotation clear by discerned in Fig. 6.9 b.

Magneto-chiral dichroism, the absorption difference for counter propagat-
ing unpolarized beams, can appear in chiral media when the light propagation
is parallel to an external magnetic field as discussed in Chapter 2. The obser-
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Figure 6.9: Absorption (α), polarization rotation (θ) and ellipticity (η) spec-
tra of the spin-wave modes for light propagation along the [001] axis. a)
The 0.5THz magnon mode is split into two branches and the 1THz mag-
netoelectric resonance shows considerable broadening in high magnetic fields
parallel. The large polarization rotation and ellipticity are even functions of
the magnetic field. Their sign is opposite for the two excitations. b) When
the external magnetic field is rotated from [100] to [010] direction, both the
polarization rotation and ellipticity change sign, while they are zero when the
static magnetic field points along intermediate [110] direction and the mirror-
plane symmetry is restored. On this basis, these polarization phenomena can
be clearly identified as spin-mediated optical activity in a chiral media.

vation of magneto-chiral effect simultaneously requires chirality, which can be
induced by magnetic field along the [100] (or the [010]) axis in Ba2CoGe2O7,
and a magnetic field applied parallel to the propagation direction. Therefore,
the magneto-chiral effect can be detected in transmission through the (100)
plane for q||B||[100].

The spectra of the absorption coefficient for propagation parallel and an-
tiparallel to the magnetic field is shown in Fig. 6.10 a and b, respectively. In
high magnetic field, Bdc&1T only the ν ∼1THz resonance can be excited,
which splits into two. For light propagation parallel and antiparallel to the
external field the absorption shows large difference, ∆α = α+M − α−M , in

107



B
ww

Figure 6.10: Absorption spectra in the field-induced chiral phase (Bω∥[100])
for light propagating along the [010] axis a) parallel and b) antiparallel to the
external magnetic field. c) The difference of the absorption coefficients for
counter-propagating beams, the so-called magneto-chiral dichroism, is huge
and shows a double peak structure for the magnetoelectric resonance. d)
The corresponding two orders of magnitude difference between the transmitted
intensities at ∼1THz for a sample thickness of ∼1mm. e) Both the natural
optical rotation (field even component) and the Faraday-effect (field odd term)
is strong for the magnetoelectric resonance while the both are negligible for
the 0.5THz magnon mode in this configuration.

the region of the magnetoelectric resonance. Note that in Bdc=±6T the
low-energy branch of this mode exhibits magnetochiral dichroism as high as
∆α/α ≈0.5, while for the high-energy one the effect is ∆α/α ≈0.2 in max-
imum as discerned in Fig. 6.10 c. The MChD is still ∆α/α ≈0.2 in low
fields. In this geometry, besides the natural optical rotation which is even
function of magnetic field, we found a large polarization rotation odd in Bdc,
the so-called Faraday effect, for the magnetoelectric resonance (see Fig. 6.10
d and e). Apart from resonance frequencies, the field even component of the
polarization rotation vanishes, excluding contributions from linear birefrin-
gence and dichroism due to misalignment between the polarization of the
incident light and the tetragonal axis.

In conclusion, beside a conventional optical magnon excitation, we found
a spin wave excitation which is sensitive both to the electric and the mag-
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netic component of the light in the antiferromagnetic phase of a recently
synthetized multiferroic oxide Ba2CoGe2O7. This electromagnon mode shows
magnetoelectric directional dichroism in the order of unity due to the strong
mixing of the magnetic and the electric dipole transitions. Furthermore,
both of these spin excitations show natural optical activity, when chirality
is induced by external magnetic field (applied along the [100] or [010] di-
rection). In the chiral phase we observed another directional dichroism, the
magneto-chiral effect with similar strength.

In CuB2O4, which has the same 42m point group like Ba2CoGe2O7, re-
cent measurements have been also revealed large optical magnetoelectric ef-
fect and magnetic field induced natural optical activity in the near-infrared
photon energy region [16, 15, 17]. The interference between the electric and
the magnetic dipole transitions generates large elements in the magnetoelec-
tric tensor which are responsible for these effects in the region of the d-d
excitations of Cu2+ (allowed by the low site symmetry).

Recently, a theoretical calculation based on exact diagonalization has
been performed by S. Miyahara and N. Furukawa in order to understand the
spin wave excitations in Ba2CoGe2O7 [18]. They investigated a Heisenberg
model with S=3/2 spins on a square lattice with strong easy plane anisotropy:

H =
∑
⟨i,j⟩

JSiSj −Dz
ij(S

x
i S

y
j − Sy

i S
x
j ) +

∑
i

Λ (Sz
i )

2 , (6.6)

where
∑

⟨i,j⟩ runs for the nearest neighbors, D
z
ij is the Dzyaloshinskii-Moriya

coupling and Λ is the easy plane anisotropy. The coupling between the spins
and the ferroelectric polarization is included in terms of the model proposed
by T. Arima (see Eq. 6.1). Starting from the weak coupling limit (J≪ Λ),
the energy levels of a single Co2+ ion split into the two Kramers doublet:
Sz=±1/2 and Sz=±3/2. According to the theoretical calculations, the tran-
sition between the doublets corresponds to the electromagnon excitation at
1THz, while the quasi-acoustic magnon mode and the spin wave excitation
at 0.5THz evolve from the low-lying doublet. Their results describe quan-
titatively the absorption coefficient and the optical magnetoelectric effect
observed in our experiments.
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Chapter 7

Summary

The major achievements of my Ph.D. work are summarized in the following
thesis points:

1. I have studied the spin-wave excitations of the multiferroic oxide
Ba2CoGe2O7 over a broad region of the temperature-magnetic field
phase diagram by means of terahertz time-domain spectroscopy. On
the basis of the selection rules determined from the polarized absorp-
tion spectra I have concluded, that one of the two magnon modes,
observed sub-terahertz frequencies, can be excited both by the electric
and the magnetic component of the light, while the other mode is only
sensitive to the magnetic component of the radiation. I have found
large directional dichroism, ∆α/α ∼ 50%, in the former case. I have
shown that the large directional dichroism is the consequence of the
entanglement between the electric and the magnetic dipole excitations
i.e. the so-called electromagnon nature. [1]

2. I have investigated the character of the spin excitations in Ba2CoGe2O7

by measuring the natural optical rotation and ellipticity of the trans-
mitted light in the terahertz frequency region. I have found that mag-
netic fields applied along the [100] or the [010] directions can induce
chirality in this material. I have demonstrated that the rotation of
the field direction from [100] to [010] axis can reverse the chirality
of the crystal as expected from a symmetry argument. As a further
consequence of the field-induced chiral state in this multiferroic ma-
terial, I found exceptionally strong magnetochiral effect, as large as
∆α/α ∼ 20%. [5]

3. I have studied the lowering of the symmetry upon the magnetic phase
transitions in various ACr2O4 chromium spinel oxides by investigating
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the far-infrared reflectivity of the optical phonon modes. MnCr2O4

and CoCr2O4 remain cubic down to T=10K within the accuracy of the
experiments, while the symmetry of FeCr2O4, NiCr2O4 and CuCr2O4

reduced at least to orthorhombic in the magnetically ordered phase. I
have pointed out that the lattice symmetry is lowered in the magnet-
ically ordered phase of those compounds in which the A-site cations
have orbital degeneracy at high temperatures. [2]

4. I have participated in the development of a broad band magneto-optical
spectrometer covering the photon energy range E=0.1-4 eV which al-
lows the determination of the magneto-optical Kerr parameters with
the accuracy of θ=±0.005◦. Using this spectrometer I measured the
magneto-optical Kerr effect in CuCr2Se4 at various temperatures. In
CuCr2Se4, from the Kerr and the reflectivity spectra I have evaluated
the diagonal and the off-diagonal elements of the optical conductivity
tensor, which were compared to theoretical band structure calculations.
Based on the agreement between my experimental results and the band
structure calculations, I have proposed that the low-energy excitation,
clearly discerned in the off-diagonal conductivity at E≈0.5 eV, corre-
sponds to a hybridization induced gap, which is responsible for the
nearly half-metallic band structure and the large off-diagonal conduc-
tivity of CuCr2Se4. [3]

5. In the case of the electron and hole doped Nd2Mo2O7 compounds, I have
investigated the origin of the anomalous Hall effect by measuring the
off-diagonal conductivity, σxy, at optical frequencies. To reveal the low-
energy behavior of the magneto-optical spectra in doped Nd2Mo2O7, I
used the same home-designed broad band spectrometer introduced in
the previous thesis point. I have found that the magnitude and the
peak position in the low-energy part of the off-diagonal conductivity
spectra (deduced from the magneto-optical spectra) correlate with the
anomalous Hall effect measured in the dc limit. I proposed that the
two effects have a common origin, namely a band anticrossing point
determines the low-energy behavior of σxy(ω). Based on this assump-
tion, I have reproduced the experimental spectra based on a two band
model of a band anticrossing point. [4]
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Appendix A

Appendix for the chapter
”Magnetic-order induced
crystal symmetry lowering
resolved by optical phonons”

In this Appendix the reflectivity and the optical conductivity spectra of
MnCr2O4, FeCr2O4, CoCr2O4, NiCr2O4 and CuCr2O4 are presented on a
wider photon energy range at various temperatures. Generally, the optical
phonon modes are present in the low-energy part of the conductivity spec-
trum. At room temperature, the presence of four resonances indicate cubic
symmetry. The phonon modes of CuCr2O4 are clearly split at room temper-
ature, as well, indicating the tetragonal symmetry of the lattice.

Above ∼25000 cm−1 the O 2p → Cr, A 3d charge transfer excitations
take place. Between the two regions, weak excitations can be found (ex-
cept for MnCr2O4) whose energy and line shape show large variation for the
investigated ACr2O4 spinel oxides. These weak optical transitions occur be-
tween the d-orbitals split by the local crystal field of the A2+ ions. Although,
this transition is parity forbidden in the presence of inversion symmetry, the
tetrahedral site symmetry of the A2+ ions makes it weakly allowed.
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Figure A.1: The reflectivity and the optical conductivity spectra of MnCr2O4

at various temperatures. At the low-energy side the optical phonon modes
cause sharp resonances, while the O 2p → Cr, Mn 3d charge transfer exci-
tations are responsible for the large optical conductivity above ∼25000 cm−1.
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Figure A.2: The reflectivity and the optical conductivity spectra of FeCr2O4

at various temperatures. Compared to the optical conductivity spectra of
MnCr2O4, beside the optical phonon modes and the O 2p → Cr, Fe 3d charge
transfer transitions, an additional excitation appears around ∼3000 cm−1.
This feature is due to the transition between the crystal field split d-orbitals
of the Fe2+. This process is weakly allowed by the lack of inversion symmetry
for the Fe2+ ions.
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Figure A.3: The reflectivity and the optical conductivity spectra of CoCr2O4

at various temperatures. The spectra can be divided into three parts: below
1000 cm−1 the optical phonon excitations are present, at ∼7000 cm−1 and
∼16000 cm−1 the d-d transitions of the Co2+ ions dominate the spectra, while
the high-energy region is determined by the O 2p → Cr, Co 3d charge transfer
transitions.
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Figure A.4: The reflectivity and the optical conductivity spectra of NiCr2O4

at various temperatures. The optical excitations observed in the conductivity
spectra are the optical phonons, the d-d transitions of the Ni2+ ions around
∼17000 cm−1 and the O 2p → Cr, Ni 3d charge transfer excitations.
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Figure A.5: The reflectivity and the optical conductivity spectra of CuCr2O4

at various temperatures. Already at room temperature more than four optical
phonon modes can be observed indicating that the symmetry is lowered to
tetragonal. The two peaks of the d-d excitations are present at ∼4000 cm−1

and ∼8000 cm−1. The high-energy part of the conductivity spectra is domi-
nated by the O 2p → Cr, Cu 3d charge transfer excitations.
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