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“Fall in love with some activity, and do it! Nobody ever figures
out what life is all about, and it doesn’t matter. FExplore the
world. Nearly everything is really interesting if you go into it deeply
enough. Work as hard and as much as you want to on the things
you like to do the best. ”

Richard Feynman

“There is a time for everything, and a season for every activity
under the heavens:
a time to be born and a time to die,
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a time to kill and a time to heal,
a time to tear down and a time to build,
a time to weep and a time to laugh,
a time to mourn and a time to dance,
a time to scatter stones and a time to gather them,

a time to embrace and a time to refrain from embracing ”

Ecclesiastes 8, 1-5

To my forever beloved parents and family.
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Resumo

Os antiferromagnetos de baixa dimensionalidade CuSbyOg e CoSbyOg¢ foram investigados
com espectroscopia Raman polarizada. Foram obtidas informagoes sobre as propriedades mag-
néticas intrigantes e configuracoes orbitais. Pode-se fazer a atribuicao dos modos fononicos na
fase alta simetria tetragonal para ambos compostos. Para o CuSb,Og¢, uma transicao estrutural
a Ts = 397(3) K manifesta-se através da observagao de um novo modo fonénico em ~ 670 cm™*
e por uma grande anomalia na frequéncia do modo em ~ 640 cm™! na fase de baixa simetria
monoclinica, evidenciando uma hibridizagao aumentada das cadeias lineares de Cu-O-O-Cu
como resultado de ordenamento orbital dos elétrons 3d do Cu abaixo de Tg. Foi observada
uma pronunciada forma de linha assimétrica Fano e comportamentos anémalos para a frequén-
cia e largura de linha como fungao da temperatura para o modo A;, em ~ 515 cm™! para o
composto CuSby0g, indicando um forte acoplamento deste modo com excitagoes eletronicas
(possivelmente orbitais). Finalmente, ambos os compostos apresentam anomalias de frequéncia
na maioria dos fénons abaixo de ~ 100 K que foram interpretados em termos de acoplamento
spin-foénon, produzindo informacoes pertinentes sobre as correlagoes de curto alcance de baixa
dimensionalidade spin-spin. Demonstrou-se, portanto, que espectroscopia Raman fonoénica é
uma ferramenta valiosa para investigar magnetos de baixa-dimensionalidade.
Palavras-chave: sistemas de spin de baixa dimensionalidade, espectroscopia Raman, acopla-

mento spin-fonon.



Abstract

The low-dimensional antiferromagnets CuSb,Og and CoSbyOg were investigated by polar-
ized phonon Raman spectroscopy, providing insights into their intriguing magnetic properties
and orbital configurations. An assignment of the observed phonon modes in the high-symmetry
tetragonal phase was performed for both compounds. For CuSb,Og, a structural transition at
Ts = 397(3) K is manifested by the observation of a new phonon mode at ~ 670 cm™! and by

1'in the low-symmetry monoclinic phase,

a large frequency anomaly of a mode at ~ 640 cm™
evidencing an enhanced hybridization of the Cu-O-O-Cu linear chains as a result of orbital
ordering of Cu 3d electrons below Ts. Pronounced asymmetric Fano lineshape and anomalous
frequency and linewidth behavior with temperature were observed for the ~ 515 cm™! A4,
mode for CuSh,Og, indicating a strong coupling of this mode with electronic (possibly orbital)
excitations. Finally, both compounds show frequency anomalies in most phonons below ~
100 K that were interpreted in terms of the spin-phonon coupling, yielding relevant informa-
tion on the low-dimensional short-range spin-spin correlations. Phonon Raman spectroscopy is
therefore demonstrated to be a valuable tool to investigate low-dimensional magnets.

Keywords: Low dimensional spin systems, Raman spectroscopy, spin-phonon coupling.
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Chapter 1
Introduction

In this dissertation, we have experimentally studied the low-dimensional spin systems
MSbyOg M = (Cu,Co) through a spectroscopic technique. The main motivation of this work
was to broaden and deepen the understanding of the magnetic correlations and its interaction
with the lattice in low-dimensional spin systems. Moreover, the compounds investigated in this
work were chosen to explore the effects of quantum magnetism. In particular, we investigated
the low-dimensional magnetism with a microscopic technique, capable of providing information
about the magnetic correlations between first neighbors.

The structure of this dissertation is as follows. In the introduction, we will give an overview
of low dimensional magnetism, coming from the early beginning until nowadays. Then, we will
present the specific problem carried out in this work. In Chapter 2, the theoretical background
needed for this dissertation will be discussed, starting from magnetism in solids as well as
quantum magnetism and the lattice dynamics are explained. In Chapter 3, the experimental
technique employed in this work will be addressed. Chapter 4 and Chapter 5 are devoted
to present the scientific case, results and discussions of the measurements for the compounds
CuShy04 and CoSh,Og, respectively. Finally, Chapter 6 gives a summary on general aspects

that have been highlighted in this dissertation as well as the conclusions and perspectives.

1.1 Low dimensional magnetism: State of the Art

The field of low-dimensional magnetism began in 1925, when Ernst Ising followed a sug-
gestion of his professor Lenz to investigate the one-dimensional model that is now well known
under his name [1]. In 1931, Hans Bethe [2] developed his method to find the exact quantum
mechanical eigenstates of the antiferromagnetic (AFM) one-dimensional version of Heisenberg’s

model. For the first 40 years, this field of research was completely theoretical, and scientists were
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attracted by the possibility of finding new physics without having to deal with the complexity
of the three-dimensional model. During this period, they succeeded in extending the 1D case
to the 2D case, in calculating thermal properties of these models, and many other progresses
were achieved. Since these are many body systems with high symmetry, having Hamiltonians
with translational and rotational invariance|3|, and their eigenstates can be determined exactly,
they keep attracting the interest of theoreticians.

In the end of 1960s and in the 1970s, it became apparent that a realization of one and two
dimensional systems could be obtained in 3D bulk materials|[4], where the magnetic coupling is
anisotropic, being much stronger in one or two directions than in the remaining ones. Further-
more, bulk materials have a great advantage over 2D surfaces because they provide sufficient
intensity for experiments of thermal and dynamical properties.

Nowadays, low-dimensional spin systems can have a wide variety of applications, as in the
case of nanomagnets for quantum computer devices|3|. It is then possible to notice that in
approximately 90 years, since the beginning of this field of research, we have come from a
completely theoretical field to possible applications.

In addition, low-dimensional magnets represent the possibility to study ground and excited
states of quantum models, the interplay between quantum and thermal fluctuations as well as
new phases of matter like the spin liquids, for example. These compounds exhibit a wide variety
of properties as a result of the complex interplay of different interactions, mainly ligand-fields
and strong correlations effects. For these reasons, a considerable amount of research has been
carried out in this field and it was recently enhanced by the discovery of high-Tc superconductors
in layered cuprates|5]. According to the “Resonating Valence Bond”(RVB) state proposal, low
dimensionality, magnetic frustration and low-spin can favor an insulating phase in a metal-
insulator phase transition, making possible the appearance of superconductivity|5].

The dimensionality of the spins and its quantum number strongly determine the nature of
ground states and elementary excitations. Low dimensional systems with geometrical frus-
tration exhibit a wide variety of peculiar phenomena such as dimerization or spin-Peierls
transition|6], formation of energy-gap, degenerated ground states, and many others. Since
the on-site Coulomb repulsion in these compounds is much higher than the width of the energy
band, the spin dynamics is expected to be closely related to the orbital, charge and lattice
dynamics|7]|. These systems are often found in transition-metal oxides, such as titanates, vana-
dates, cuprates and Cobalt oxides. This dissertation intends to contribute to the understanding
of spin correlations, orbital order and their coupling with the lattice vibrations in a specific class
of compounds, investigating the CuSb,Og and CoSb,Og with a spectroscopic probe, namely

Raman spectroscopy.
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1.2 Specific Problem: CuSb,0O4 and CoSb,0g

Transition metal oxides with the chemical formula M BsOg, where M is a 3d transition
metal and B is either Sb or Ta, are a very interesting class of compounds which display
antiferromagnetism with reduced dimensionality [8, 9, 10, 6]. Their Néel temperatures are
approximately 10K, but short-range order is observed well above this temperature. Broad peaks
in their magnetic susceptibilities are indicative of local ordering. Other measurements such as
heat capacity and Moessbauer spectroscopy can also indicate the low-dimensional behavior. In
this dissertation, we will concentrate on two compounds that belong to this class, CuShyOg
and CoSbyOg.

CuSbyO¢ was first synthesized in 1940 [11]. This compound is a green colored insulator
with gap size typical for cuprates. In contrast to the vast majority of cuprates with a quasi-
planar Cu four-fold coordination, it exhibits a nearly octahedral local environment of oxygens
around the Cu?*. This compound crystallizes in a monoclinically distorted trirutile at room
temperature, [-CuSbyOg (Fig.1.1-a), with space group P2;/n. Above ~ 390 K, a second
order phase transition takes place to a tetragonal a—CuShyOg, with space group P4s/mnm.
Although it presents a phase transition, the octahedral environment around the Cu ions remains
nearly unaltered. The magnetic cation M?* sublattice is that of the KyNiF, structure type,

which includes many classic examples of square lattices exhibiting 2D AFM [5].
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Fig. 1.1: a) Crystal structure of the compound CuShyOg and b) its magnetic susceptibility [12]
measured at 7kOe from 2K to 330K. Solid red line indicates a Bonner Fisher fit for S =

1
2
Heisenberg antiferromagnet. [13]
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However, magnetic susceptibility of polycrystalline CuSbyOg can be well described con-
sidering a one-dimensional (1D) spin S = 3 Heisenberg AFM model with é = —94 K and
(g) = 2.11, as shown in Fig.1.1-b). At Ty ~ 8.5 K, a kink in the susceptibility marks a crossover
from one to three dimensional AFM behavior.

CoSbhyOg crystallizes in a tetragonal trirutile structure [14] with space group P4s/mnm
(136), a = 4.6495A and ¢ = 9.2763A, as shown in Fig.1.2-a). Magnetic susceptibility measure-
ments are consistent with the two-dimensional antiferromagnetic Ising model for temperatures
below ~ 80 K [14]. As shown in Fig.1.2-b), x presents a maximum at ~ 35 K, indicating local
magnetic order. It is also possible to notice a sharp drop in the magnetic susceptibility below
Ty = 13.45 K, indicating a transition to long-range AFM order. On the other hand, anisotropic
magnetocaloric measurements (MCE) seem to be more consistent with a one-dimensional mag-
netic behavior for this compound[15], and this is apparently the most widely accepted scenario
at present. Thus, unambiguous identification of the magnetic structure associated with this

compound has been challenging.
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Fig. 1.2: a) Crystal structure of the compound CoShsOg and b) its magnetic susceptibility [14]
measured at 100G from 4K to 60K and at 5000G from 60K to 300K.

It is of interest to determine the consequences of the substitution of Cu per Co on the
magnetic properties for the compounds M Sby,Og. The anomalous low-dimensional behavior in
the magnetic susceptibility remains an open question. In this work, we proposed to study these
compounds microscopically, in order to probe the spin correlations between first neighbors and
then verify the reduced dimensionality at low temperatures. A powerful tool for studying low-

dimensional spin systems is Raman spectroscopy, which is sensitive to nearly all possible types
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of collective excitations as well as the interplay among them.
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Chapter 2
Theoretical Aspects

In this chapter, we shall give an overview of the theory used throughout this dissertation,
coming from the magnetism in solids to the theoretical description of low-dimensional quantum
spin systems. Moreover, this chapter is concerned with understanding the lattice dynamics of
materials, and a description about ab-initio lattice dynamical calculations will be addressed as

well.

2.1 Magnetism in Solids

Let us first consider the physics of isolated atoms and their interaction with an applied weak,
uniform and static magnetic field (B = V x A). We can write the perturbed Hamiltonian of

an atom under the application of a field as!:

2 Z
~ A~ e 9
H=Ho+pp(L+gS) B+ — > (B xr) (2.1)

€ i=1

where Hy = Zil(% + V;) is the unperturbed Hamiltonian, which we assume that has
known eigenstates and eigenvalues; L and S are the total angular momentum and total spin
operators, respectively; r; and p; are the position and the momentum operators of the 7"
electron in the atom.

The dominant perturbation to the original Hamiltonian Ho is usually the second term in
Eq.2.1, up(L+ ¢S).B, and it is known as the paramagnetic term. The third term is due to the
diamagnetic moment.

In general, for a linear material, we define the magnetic susceptibility y in the presence of

!The underlying theory is discussed in detail in ref. [16] and [17]
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a magnetic field as y = %, where M is the magnetization (magnetic moment per volume),
H = B/uo (1o = 47 x 107"Hm™" is the permeability of free space), and M = —2E where F

is the Helmholtz function.

Diamagnetism Consider the case of an atom with no unfilled electronic shells, so that the
second term in Eq.2.1 can be ignored. Suppose B||Z. The first order energy shift due to the

diamagnetic term for a spherically symmetric atom is

Z

AB = S 02 oy (2.2
T Tom, &N ’

where |0) is the ground-state wave function. The magnetization is then

OF  NOAE, Ne2B,,
o 9F _ N _ ; 2.
OBV 0B 6m.V ; (r) (2.3)

which gives a magnetic susceptibility xy = poM /B (assuming xy < 1)

N 1y &
X= om0 {1 (24)

known as the Larmor diamagnetic susceptibility?. We redefine ZiZ:1 (r?) & Zssr?, where
Zegy is the number of electrons in the outer shell of an ion and r is the ionic radius.

All materials show some degree of negative susceptibility (i.e., cases where the induced
moment is opposite to the applied field®). In a classical viewpoint, an external magnetic field
generates a back electromotive force, which opposes the magnetic field by Lenz’s law, thus
changing the magnetic dipole moment. Consequently, diamagnetism is present only when the

substance is exposed to an applied magnetic field. This effect is generally weak.

Paramagnetism *

Now, we turn our attention to the second term of Eq.2.1, known as Zeeman term. So
far, we have considered materials which contained no unpaired electrons, and thus the atoms
or molecules had no magnetic moment unless a field was applied. Now, we will consider
atoms that have unpaired electrons and thus have a non-zero magnetic moment. There are two
distinguishable cases: if the shell has total angular momentum J = L+S =0or J = L+.S # 0.

2Tt is also known as the core magnetic susceptibility.
3The prefix dia means across or against.
4The prefix para means with or along.
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e Van Vleck paramagnetism

If J = 0, the first order perturbation theory (0| (L+g¢S) |0} is zero. Second order perturbation

theory nevertheless predicts a magnetic susceptibility given by:

(2 %Z| o I]fgSEO‘n - ”°Z<r2>> (2.5)

where the second term, already discussed, corresponds to the conventional Larmor dia-

magnetic susceptibility and the first term is positive (since FE, > Fy) and therefore favors an
alignment of the magnetic moments parallel to the applied field. This term is known as the

Van Vleck paramagnetic term, and it is temperature independent.
e Curie paramagnetism

If the shell has J # 0, we have a non-zero first order term in the energy shift. In this case,
the ground-state is (2J + 1)-fold degenerate at zero field, and we have to diagonalize a (2J +
1)-dimensional square matrix (JLSJ,| (L + ¢S)|JLSJ.). Wigner-Eckart theorem states that
the matrix elements of any vector in the (2J + 1)-dimensional space of eigenstates of J? and

J, with a given value of J are proportional to the matrix elements of J:

(JLSJ.| (L + ¢S)|JLSJ.) = g(JLS) (JLSJ.| J|JLSJ.) (2.6)

The coefficient g(JLS) does not depend on J,, and since the matrix is already diagonal
in the states of J,, and the (2J+1)-fold degenerate ground-state is therefore split into states
with definite values of J, whose energies are uniformly separated by g(JLS)upH. The ground-
state (2J41) degenerate in zero field are diagonal in J, L, and S and thus one can write
(L 4+ ¢S) = g(JLS)J. Moreover, if the splitting between the zero-field atomic ground-state
multiplet and the first excited multiplet is large compared with kgT', then only the (2J + 1)
states in the ground-state will contribute appreciably to the free energy.

Second-order perturbation theory applied in the Hamiltonian (Eq.2.1), gives:

z
B (n|upB.(L+ ¢gS) |n')

AE, = ugB. (n|L+ ¢S |n) + g Z L. Zl (2.7)

The first term in Eq.2.7 is expressing the energy E = —ﬁ.é of the interaction of the

field with a magnetic moment that is proportional to the angular momentum of the ion, yu =

—g(JLS)pupJ. Due to the fact that the zero-field ground-state is degenerate, it is not possible
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to calculate the magnetic susceptibility by equating the free energy to the ground-state energy
as we did previously for the non-degenerate shells with J = 0. Considering that only the lowest
states are thermally excited with appreciable probability, it is possible to calculate the free

energy in the canonical ensemble and obtain the susceptibility:

B lﬂﬂ%pgff - g

_ 9.
XT3V kT T (2.8)

where C is a constant knows as Curie constant, p.rr = g(JLS)+/J(J + 1) is the effective

moment and g(JLS) is the Lande g-factor given by:

3, 18(S+1)—L(L+1)

9UILS) =5 +3 J(T+1)

(2.9)

The Curie’s dependence of the magnetic susceptibility leads to x o< 1/T. Room temperature
paramagnetic susceptibilities are of the order of 1072 to 10™3 and its contribution completely
dominates the diamagnetic one. On the other hand, there are some conditions for the validity
of the Curie’s law: kgT > hupgB; the magnetic interaction between ions cannot be appreciable;
the J multiplet lying above the ground-state can not be close in energy. Indeed, the rare-earth’s

magnetism in an insulating solid are well described by treating them as isolated atoms, as one

can notice from Table 2.1.

Ion ‘ Shell ‘ S ‘ L| J Term ‘ Calculated p ‘ Deap
Ce*™ | 4fY [ 1/2] 3] 5/2 | 2Fs) 2.54 2.51
Pr3t | 4f? 1 |5 4 SH, 3.58 3.56
Nd** | 4f% 13/2]16| 9/2 | *Iyp 3.62 3.3-3.7
Pm3t | 4f* 2 |6] 4 14 2.68 -
Sm*t | Af° |5/2 15| 5/2 | °I;s 0.85 1.74
Eu’t | 4f° 3 13| 0 Fy 0.0 3.4
Gt | AfT [ 7/210 | 7/2 | %Sy 7.94 7.98
Th3* | 4% | 3 [ 3] 6 "Fg 9.72 9.77
Dy** | 47 | 5/2 |5 | 15/2 | °Hy55 10.63 10.63
Ho’t | 4f% | 2 | 6] 8 ° Iy 10.60 10.4
Erst | 4f1 13/216 | 15/2 | 15 9.59 9.5
Tm?t | 4f2 | 1 |5 6 SHy 7.57 7.61
Yot | AfP 123 7/2 | *Fp 4.53 4.5
Lut [ 4f% 1 0 [0] 0 1So 0.0 0.0

Tab. 2.1: The value of the effective moment obtained by the measured magnetic susceptibility
(Eq.2.8) compared with the calculated one p = pesr/pp = gsv/J(J + 1) using Hund’s rules
predictions.
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In contrast, this is not the case for the transition metal ions. For these ions, although
the Curie Weiss’ law works fine, the value of the effective moment p.s; given by Eq.2.8 is not
correct. To obtain the correct value, one has to assume that although S is still given by Hund’s
law, the value of L must be 0, and hence J = S. This effect is known as the quenching of
the orbital angular moment. Table 2.2 demonstrates a much better degree of agreement when
considering the orbital quenching. This is a consequence of the fact that in these materials,
the crystal field effects, which will be discussed in the next section, are much higher than the
spin-orbit coupling. This is due to the fact that spin-orbit coupling is proportional to oc Z*
and therefore they are enhanced in the rare-earths, and additionally, their orbitals are much
less extended away from the nucleus so that the crystal field effects are much less important
than Hund’s third rule.

Ion \ Shell \ S \ L \ J \ Term \ Calculated p, \ Dexp \ Calculated po
T3, Va** | 3d' | 1/2 |2 |3/2| 2Dy 1.55 1.70 1.73
V3T 3d> 1 13| 2 5E, 1.63 2.61 2.83
Crit, Va* | 3d® |3/2|3]3/2] *Fy) 0.77 3.85 3.87
Mn3t, Cr?t | 3d* 2 1210 ® Dy 0 4.82 4.9
Fedt Mn*t | 3d® [ 5/2]0]5/2] %S5 5.92 5.82 5.92
Fe?t 3d° 2 |12 4 °Dy 6.7 5.36 4.9
Co** 3d" [3/2]3]9/2] *Fy 6.63 4.9 3.87
Ni** 3d® 1 (3| 4 3Fy 5.59 3.12 2.83
Cu** 3d° | 1/2 |2 |5/2|2Ds 3.55 1.83 1.73
Zn?*t 301 0 0] 0 1So 0 0 0

Tab. 2.2: Magnetic ground-state for transition metal 3d ions, demonstrating that the value of
the effective moment calculated by Hund’s prediction (p;) does not agree with the experimental
value. Better results are obtained assuming orbital quenching, p,.

2.1.1 Crystal Field effects

So far, we have deduced many magnetic properties without considering interactions between
atoms. Now, we will take into account the interactions between an atom and its environment,
considering a direct magnetic interaction between an atom in a crystal and its neighboring
atoms.

In order to understand the effect of the local environment due to the crystal on the energy
levels of an atom, let us first review the shapes of the s, p and d atomic orbitals, which are the
most important for this work. The angular dependences of the electron density of the atomic

orbitals are shown in Fig. 2.1.
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Fig. 2.1: Angular distribution of the electron density of the s, p and d orbitals. The d orbitals
are divided into two classes: d.» (or often referred to as ds,2_,2) and d,2_,2 orbitals are called
the e, level, and the d,y, d,. and d,, are grouped in the 5, level.[1§]

The crystal field is an electric field coming from the neighboring atoms in the lattice, and
its effects depend crucially on the symmetry of the local environment. Two common cases
that occur in nature are the octahedral and tetrahedral environments, where a metal sits in
the center of the polygon with atoms such as oxygen in its corners. Diagrams of these local
environments are shown in Fig.2.2.

The d-orbitals are divided into two classes: the e, orbitals, which point along the x, y and z
axes and the ty, orbitals, which point in a direction in between these axes. One can understand
the effect of the local environment in the orbitals by referring to Fig.2.3. This Figure shows

a projection of the xzy — plane of the octahedral environment. In the center, there are the d



30

7 | \x g
Y

i

(a) (b

Fig. 2.2: a- Octahedral and b- tetrahedral environments. A metal sits in the center of the
polygon, and an atom such as oxygen sits in each corner. The octahedral environment is very
common for many transition metal oxides, such as the ones studied in this work.

~—~—

orbitals (Fig.2.3 a- shows a d,, orbital, which belongs to the ¢, class, and Fig.2.3 b- shows a

dy2_,2 orbital, which belongs to the e, class). In the corners, there are the oxygen’s p orbital.

T € ,
34
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Fig. 2.3: The crystal field effect represented in a projection of the xy-plane of an octahedron.
a- The ty, orbital is lowered in energy compared to the b- e, orbital, due to an electrostatic
interaction. Therefore, the e, and ¢y, orbitals split in energy c-.

The crystal field effect is largely produced by the p orbitals on the neighboring atoms. It

is possible to notice that there’s a higher overlap between the d,2_,» and the neighboring p
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orbitals than the d,, orbital, and hence, there is a higher electrostatic energy. In this type of
environment, it is possible to notice that all the orbitals which point along the axes will be
enhanced in energy. Therefore, the five d orbitals will split, as shown in Fig.2.3-c). If the local
environment was tetrahedral, the opposite would occur, and the e, orbitals would be lowered
in energy, while the ¢y, orbitals would be raised.

To fill the d shell of a transition metal ion, one has to start filling the lowest levels before
filling the highest ones. Nevertheless, the precise order to fill the shells will depend on the
competition between the crystal field energy and the cost of putting two electrons in the same
orbital, i.e. the pairing energy. If the crystal field is lower than the pairing energy, the electrons
will tend to singly occupy each orbital - weak field case (high-spin). If, instead, the crystal field
is higher than the the pairing energy, than the electrons will tend to first occupy each orbital
before filling the enhanced orbitals - high field case (low-spin). As an example, let’s consider
the Co** ions.

Low spin (high field)  High spin (weak field)

A4

r s

4 eq
T S=1/2 \ S=3/2

A A 4

tog tzg

v v v

Fig. 2.4: Electronic configurations for the C'o®" ions in the a- low spin and b- high spin cases.

The Co*" has a 3d" shell. In the strong field case, six electrons are filling the ¢y, orbitals,
and there’s one electron lying unpaired in the e, orbital. Hence, the system has a S = 1/2
state. In the weak field case, one has to fill each orbital once, filling the highest energy levels.
Therefore, this order leads to three unpaired electrons, two lying in the e, orbital and one lying
in the ¢y, orbital - the system has S = 3/2. For the Cu?* ion, both high spin and low spin

cases lead to one single unpaired electron lying in the e, orbital, and then S = 1/2.

Jahn-Teller Effect So far, all we have done was to work out the symmetry of the local
environment and deduce the effects on the electronic structure and therefore understand the
magnetic properties. However, sometimes, the opposite way around is also important, i.e. the
magnetic properties can have its influence on the symmetry of the local environment as well.
Sometimes it is energetically favorable for an octahedron to distort in order to save electronic
energy. This phenomena is known as Jahn-Teller effect[19], and for instance, we will consider

the simplest static case. Fig.2.5 shows a pictorial view of this effect for Cu?*.
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(a) (b)

Fig. 2.5: Static Jahn-Teller effect for Cu?T ion (3d”).a) An octahedron can spontanecously
distort, b) thus splitting the ¢5, and e, orbitals.

The 3d” electronic configuration of this ion gives three electrons in the two degenerate e,
orbitals, as explained above. This leads to a doubly degenerate electronic ground-state. Such
environments distort along the z axis, which has the effect of removing the orbital and electronic
degeneracies and lowering the overall energy, as shown in Fig.2.5. The distortion normally takes
the form of elongating the bonds to the ligands lying along the z axis, but it occasionally occurs
as a shortening of these bonds instead. When such an elongation occurs, the effect is to lower
the electrostatic repulsion between the electronic density in orbitals with a z component, thus

lowering the energy of the system.

2.1.2 Magnetic Interactions

There are many different types of magnetic interactions that can allow the magnetic mo-

ments in a solid to communicate.

Magnetic Dipolar Interaction
The first expected interaction is the direct dipolar interaction energy of two magnetic dipoles

11 and pg separated by a distance r:

B = a2 — 31 5) (2 ) (2.10)

We can estimate the order of magnitude of this effect for two moments each of u ~ gup
separated by 1 Atobe E ~ 107 6V, equivalent to 1 K, and hence this interaction is too weak

to account for ordering in most magnetic materials which order at higher temperatures.
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Exchange Interaction

The electrostatic energy differences between atomic states are typically of the order of sub
eV, and therefore they play an important role in the magnetism. Exchange interactions are
electrostatic interactions. For instance, let us first consider a simple model of two electrons.
The effective Hamiltonian is:

. E,— E

where s and t stands for singlet and triplet, respectively; J is the exchange constant. If

(2.11)

J > 0, then F; > E, and the triplet state S = 1 is favored (spins are oriented parallel). If,
instead, J < 0, s < E; and the singlet state S = 0 is favored (spins are antiparallel). There

exists many types of exchange interactions:

e Direct exchange arises from the interaction of electrons on neighboring magnetic atoms,

occuring without the need for an intermediary. In many cases, direct exchange does not
play an important role on the observed magnetic properties, because there is no sufficient

overlap between neighboring electron densities.

e Superexchange occurs when the interaction between magnetic ions occurs via a non-

magnetic ion which is placed in between them. This type of interaction favors antiferro-

magnetic order.

e Ruderman, Kittel, Kasuya and Yosida (RKKY) or itinerant is an indirect exchange be-

tween magnetic ions which is mediated by conduction electrons in metals.

e Double exchange occurs in metals which shows mixed valency. This type of interaction

favors ferromagnetic order.

e Dzyaloshinsky-Moriya is an anisotropic interaction where the spin-orbit coupling couples

an excited state of one ion with the ground-state of another ion.

2.1.3 Antiferromagnetic order

Different types of magnetic ground-states can be produced by the interactions presented
previously, including ferromagnets, where all the spins are aligned in parallel, and antiferro-
magnets, where all the spins are antiparallel and many others. Here we will concentrate on the
antiferromagnetic order, which is the most relevant one for this work.

Eq.2.11 describes the spin Hamiltonian of a two-spins system. However, real systems are

usually many-body systems, and inspired by this Hamiltonian, we generalize that interactions
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similar to Eq.2.11 apply for all neighboring atoms and hence we write the Heisenberg Hamil-

tonian °:
= =" J;8:.S; (2.12)
ij

where J;; is the exchange constant between spin in the i'" and j' sites (the factor of 2
is not present to avoid double counting). As stated previously, J > 0 favors the parallel
alignment of the spins, i.e. ferromagnetism and J < 0 favors an antiparallel alignment of the
magnetic moments, i.e. antiferromagnetism. Often, these systems can be considered as two
interpenetrating sublattices, one in which the magnetic moments point up, and the other one

where the magnetic moments point down, as shown in Fig.2.6.

NIt Pt 4
¥td =1t +d 4 3
Nyt t Y 33
Ittt 4 3

Fig. 2.6: Two interpenetrating sublattices that form an antiferromagnet.

An earliest attempt to describe antiferromagnetic systems was worked out by P. Weiss
and it is known as molecular field theory. Although there are more sophisticated calculations
nowadays, the molecular field provides a good starting point to perform corrections to the Curie

law. The molecular field on each sublattice is given by:

(2.13)
B_ — —|>\|M+

where ) is the molecular field constant and it parametrizes the strength of the molecular field
dependence with magnetization. For an antiferromagnet, A < 0. Considering the sublattices

to be equivalent, i.e. |My| = |M_| = M, one can obtain the magnetization value:

gJMBJ|)‘|M)
kT

where Mg is the saturated magnetization and B is the molecular field. The transition

M = MSBJ< (2.14)

®The Heisenberg Hamiltonian can be derived from the Hubbard model. We will treat it the next section.
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temperature, often called the Neel temperature Ty, is given by:

_ gums(J + DAMs
3kgT

For temperatures above Ty, the effect of a weak applied magnetic field can be calculated

Ty (2.15)

and the result yields to:

= 11m
X B “TrTy ST—6

(2.16)

which is known as the Curie-Weiss law. The sign of 6 defines if the material is a paramag-
net, a ferromagnet or an antiferromagnet. A summary for the magnetic susceptibilities for a

paramagnet, a ferromagnet and an antiferromagnet is shown in Fig.2.7.

e o T

Fig. 2.7: Curie Weiss law for three cases: # = 0 for a paramagnet, § = T for a ferromagnet
and 0 = —Ty for an antiferromagnet.

2.1.4 Hubbard and Heisenberg models

From 1963 to 1967, the physicist John Hubbard presented a simplified model to treat
electrons from the d and f bands of transition metal ions and rare-earths[20, 21, 22, 23, 24, 25|.
These bands are less extended away from the nucleus than the s and p bands. Thus, electrons
are more strongly bound to the ions and further, the electron-electron interaction plays an
important role. Therefore, the free electron model does not provide a proper description for
the d and f bands. Let us consider a lattice of N sites, where there are N, electrons which are
feeling the crystal lattice potential and a Coulomb interaction. Let us consider a static lattice,
and take into account the electronic degrees of freedom®.

The Hamiltonian which describes this system is given by:

6This is the Born-Oppenheimer approximation|26], which decouples the ionic dynamics from the electron
dynamics by stating that the ions are much heavier than the electrons.
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R Ne ]5{2 1 Ne
H=>(F=+VE))+35 > UGE) (2.17)
i=1 i,j=1

JFi
— 2
where P; /2m is the kinetic energy of each electron, V(7) is the periodic lattice potential

and U(7,7") = |ﬂ62ﬂ is the Coulomb repulsion potential. This Hamiltonian takes the following

second quantized form:

r Tr — Srd®r U (7 7 7 VW o ()W, (F
= ;&/dxy | +v<} U;_:N//dd (70, () U )xp();l;l(gz

where Ul (7) and U, (7) are the field operators which create and annihilate an electron with

spin o at the positions 7, 7. The fields operators are written in terms of the Wannier function’,
@a(F— Rj)Z

Ul(7) = EZ@* 7= R, (2.19)

where « is the band index, R; is the j site’s position vector and ¢ is the operator

aj,o
which creates an electron with spin o at the site j and band «. The operator ¢, ;. satisfies
the Fermions commutation relations. Substituting Eq.2.19 in the Hamiltonian described by

Eq.2.18, one can obtain:

H Z Ztlj Cai,oCajo +5 Z Z Z 3{576621 Ucﬁj o' Cyk,o' Col,o (22())

1,7=1 a,o o,B,y,0 1,5,k,l 0,07
where
_ /d?’r(I)Z(F— )5 + V()7 - ) (2.21)
m
is the hopping integral and represents the Tight Binding part of the Hamiltonian. This

term means that the electrons can hop/tunnel between the sites in the lattice: if ¢ is very

large, the tunneling probability is very high. The second term in Eq.2.20 represents the

"Deeper insight on Wannier function can be found in reference [17]
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2
Ui’ = / / dPrd®r' (7 — R;)®5(r — Rj)%¢7(r/ — Rp)®s(F — R)) (2.22)
which is known as the Coulomb integral. Let us make some approximations:

e We will consider a non-degenerate orbital per site, for simplicity. Then, we can neglect

the bands indexes a, 5,7 and 9;

e We will assume that the density of probability of finding electrons at a certain position
is higher around the sites. This approximation is great for the d and f bands, and this
means that the hopping integrals are significative for first nearest neighbors (¢;; = —t for

first neighbors and ¢;; = 0 otherwise);

e We will simplify inserting only an intra-site electrons repulsion, i.e. the dominant term

in the Coulomb integrals is the one where ¢+ = j = k = [ and the others can be neglected.

In this way, the Hamiltonian takes the form:

- _tZZZCw Cirio T 5 ZZCJU Cjo'Cio' o (223)

jlaa

and by using the Fermionic commutation relations, one arrive at a Hamiltonian:

N
Y b+ U s 220
=1

=1 § o=11

known as the Hubbard Hamiltonian. The vectors & connect neighboring sites. For a one-

dimensional system, we have:

N

— _tz Z Clit1)o + hoc) + UanTnu (2.25)

i=1 o=1,]
where h.c. denotes the Hermitian conjugate of the previous term. Let us analyze some

limits of this model:

e Non-interacting (U = 0): we discussed it corresponds to a Tight Binding band. If the
number of electrons is less than two times the number of sites, the band is half filled and

this is a metallic system.
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e If the interactions are so high that % — 00, then # = H;, double occupied sites are
forbidden and the only possibilities are empty or single occupied sites. Moreover, if the
number of electrons is equal to the number of sites, i.e., there are only single occupied
sites, then since the repulsion approaches infinity, electrons can not move in the lattice,

and the system is therefore an insulating;

e For single occupied systems, if % — 00, the system is metallic.

For a spin—% system, there are 2"¢ possible states, which accounts for different spins config-
uration. If we consider strong U, this degeneration is broken by the hopping term, which can

be calculated to second order perturbation theory:

al Ho|n) (n| Ho|5)
72y 4 2.26
af ; EO . En ( )

where o and [ represent any states. The n states are generated by the application of the
hopping hamiltonian in the |o;..0x) single occupied subspace, and therefore they correspond to
the annihilation of an electron at one site and creation in the neighboring site. The Ey energy

is U and Ey = 0. Therefore:

HE) =25 (o] Holn) (n] Hy ) (2.27)

The summation can now be extended to all the Hilbert space |m), since for all the non

double occupied states, the matrix element (m| Hy|5) = 0.

1
Hop = U {af Ho |m) (m| Ho |B)
1 (2.28)
2
= X el )
Thus, let’s calculate HZ:

Hg = Z(C;raci-i-é,a + C;r+6,acw)(c;r'a'cj+p7a’ + C;r'+p,a’cj0’) (2.29)

0o

joéo’

There will be terms: cjaci+57ac;0/cj+p7g/. These terms will not vanish in the single occupied

state only if:

(2.30)

—
~. ~.
+
(ST
I+
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Then, by performing some calculations, one can realize that:

4¢* < & < &
H® = s Y S.§==>JS.5 (2.31)
<ij> <ij>
where S; = %Zaﬁ ¢l Guscis. One can notice that this is the Heisenberg Hamiltonian
(Eq.2.12), with

4t
J=—— 2.32
- (232

If J < 0, the system tends to antiferromagnetic order, and this indicates that the semi-filled
Hubbard model tends to this type of order|27].

In the next section, we shall give an overview of low-dimensional quantum spin systems,
since it is the case of the materials studied in this dissertation and study Eq.2.25 in greater
detail.

2.2 Low-Dimensional Quantum Magnetism

There are no experimental realization of exact low-dimensional magnetic materials. In
practical cases, however, a theoretical description of ideal systems provides a good starting
point to understand experimental results of quasi one-dimensional magnets. Before presenting a
theoretical description of a 1D antiferromagnetic system, let us introduce the Mermin-Wagner—
Berenzski theorem|28]:

“An infinite d dimensional lattice of localized spins cannot have long-range order (LRO) at
any finite temperature for d < 3 if the effective exchange interactions are isotropic and of finite
range .

In order to understand the coverage of this theorem, we will make several annotations:

e Even in the isotropic Heisenberg model, low-dimensional ferromagnets exhibit LRO at T

= 0, but antiferromagnets do not;

e When the interactions are of infinite range, for example, the dipolar interaction discussed

above, it is possible to find a critical temperature even in low-dimensionality;
e Anisotropic interactions can lead to LRO at finite temperatures;
e Square and hexagonal lattices present a ground-state with LRO for S > 1]29, 30];

e There is a ground-state with LRO for Heisenberg 3D for spin > 1. [31]
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2.2.1 One-Dimensional Magnetism

As pointed out in the first chapter, in this dissertation we will study the spin—% chain

CuSh,Og, and therefore we will concentrate our analysis on this magnetic ground-state.

Spin—% chain
Let us consider a 1D spin—% chain. On each site, there is a spin S; = 0;/2 where o; are the

Pauli matrices. The three spin components obey the commutation relations:

(5%, 8P = ieas, S (2.33)

where €,3, is the totally anti-symmetric tensor. The spins operators in different sites should
commute. Assuming that the spins interact only with their first neighbors described by the

Hamiltonian®:

H =" Joy(S51ST + S5 SY) + 157,15 (2.34)

In this Hamiltonian, we have kept the rotation in the xy-plane, and chosen different exchange
couplings for the xy-plane and the z direction. This model is known as XX7 Hamiltonian. If
J. = Jy the interactions between spins is invariant by rotation and this is the Heisenberg
Hamiltonian. If J is positive, the energy is going to be minimum when neighboring spins point
in opposite directions, i.e., J > 0 favors antiferromagnetic order, as pointed out before. J < 0
favor ferromagnetic ordering of the spins. Working with spin operators is complicated because
of their commutation relations. Nevertheless, there are some mappings which are useful to treat
spin problems. In the first one, we can relate the creation and annihilation spin operators to
bosonic operators|21]: S* — b e S~ — b. In order to have the right commutation relation, the
spin operator S* must be the bosonic density: S* = bfb— % In this way, spins on different sites
commute, as it should be. However, the Fock space in one site is extremely large for bosons,

since the third commutation relation for bosons allows an arbitrary large number of bosons.

8Deeper insight can be found in ref [32]



41

wo |
P o’\ : \ ol
Hei;grrk;erg Pure XY Heis/eAr;berg
Fig. 2.8: Regimes for a spin-% chain as a function of izy.

To restrict the Fock space to only two allowed states for spins—%, we must introduce one
constraint, stating that more than one boson in the same site is forbidden. This view of the
problem is known as “hard core boson”. This constraint introduces a complication to this
problem, and in oder to get rid of this hard core constraint, it would be convenient to use Pauli
principle to enforce the lowering of the Fock space and then use another mapping which is
known as spinless Fermions. Thereby, if we use: ST — ¢f e §7 = ¢fe — %, where ¢ are fermions,
the commutation relation in each site are obeyed. Unfortunately, this is not so simple. In
fact, if we consider different sites, the spins should behave as bosons, not fermions, because
they should commute, not anti-commute. Thus we have to introduce phase factors, so that the
spins on different sites commute, without changing the local commutation relations in each site.
The solution to this is known as Jordan-Wigner transformation[22|. The mapping is therefore:

i—1

SH = clemXi—x G e 57 = cle; — 1. The XXZ Hamiltonian is then:

1

Ja
H == > leliei+ hel + . Z(cjﬂci —1/2) (2.35)

Shifting the Fermions momentum by 7, the Hamiltonian gets:

H=—tY [clci+he]+ VY (clye—1/2) (2.36)

This is an itinerant fermions model, where the first term is the kinetic energy (Tight Binding
Hamiltonian model -TBM), that states that Fermions can hop between neighboring sites with
a matrix element t. These Fermions also suffer a nearest neighbors interaction V.

One remarkable fact about the one-dimensional magnetic systems is that all the excitations

are collective. In Heisenberg chains, the excitations are described as spinons without mass



42

S = % According to the Lieb-Schultz-Mattis theorem, for a half-integer spin chain an excitation
spectrum is either gapless or degenerate [33]. Spinons present a dispersion relation which is
given by hw = m|Jsen(qa)| [34], where a is the lattice constant and ¢ is the wave vector,
measured along the chain. This equation is the lower curve in Fig.2.9. The ground-state is
gapless, because when ¢ — 0 (long wavelength limit), w — 0. The upper curve comes from the
fact that neutron diffraction experiments involve a change of spin of one and so it implies a
creation or annihilation of a pair os spinons. Therefore, experimental data show a continuum

of excitations between the lower and upper curves.

h_w
)

a
- /4 d

Fig. 2.9: The spinon continuum spectrum for the spin—% antiferromagnetic chain. [34]

In contrast, for an integer spin chain, Haldane made the conjecture that its spin excitation

spectrum is gapped [35].
e Spin-Peierls transition

Although spin—% chains are gapless, they are susceptible to an instability which can open up
a gap. This transition is known as spin-Peierls[36]. A coupling between the one-dimensional
electronic structure and the three-dimensional lattice vibrations, i.e. the phonons, is the driv-
ing force to this transition. Thus, it is expected that materials which present this transition
present spin-phonon coupling, which occurs when the exchange couplings are modulated by a
modification of the bonding length between the spins. In the spinless fermions problem, this
corresponds to a a modulation of the hopping parameters. The Hamiltonian which describes

this transition is:

f}:[toml = Z J(UZ', Ui+1>§i+l-‘5_v; + ﬂphononS(u) (237>
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where # is a Hamiltonian describing the energetic cost of making deformations u; to the
lattice. Although the the spin system is one-dimensional, the phonons can be three-dimensional,
which is often the case.

Before the transition temperature from short range order to long range order, an elastic

distortion results in dimerization, as shown in Fig.2.10.

P P¥
J1

| J2 | 1

Fig. 2.10: Alternated chain of spins, with strong and weak bonds, representing the lattice
dimerization. The strong bonds confine the spin pairs (dimers) to singlet states.

Thus, there will be two unequal alternating constants. When the dimerization is strong
enough, as the temperature decreases, the system gets confined into singlets and there is an
opening of the gap, corresponding to the gap between singlet states and triplet states in the
dimers. The gap magnitude in each material is related to the degree of dimerization in the
lattice. The signature of this transition is a kink in the magnetic susceptibility. Both compounds
studied in this dissertation are believed to present spin-Peierls transitions|6, 37], as pointed out
in the Introduction, and therefore, one can expect to observe spin-phonon coupling in these

materials.

2.3 Lattice Dynamics

Let us now study the second part of Eq. 2.37. In order to understand crystallinity behavior

that incorporates temperature as a variable, one needs to understand the crystal dynamics.

2.3.1 The harmonic approximation

Let u;, denote the component of the displacement vector o = z,y, 2 of the j* atom from

its equilibrium position. The energy can be expressed as a Taylor expansion:

1 0*E 1
E=FEg+=5S —2 % ity 4+ —.. 2.38
0o+ 5 Z 8ua,jaua/,j/u JUa jr + ol ( )

..

253
a,al!
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where Ej is the equilibrium lattice energy, which is the energy with all the atoms at rest.
There is no first order term because all residual forces are zero. The second order term is called
the harmonic energy. All higher order terms are classed together as the anharmonic energy. In
the harmonic approximation, we neglect all the anharmonic terms.

Let us consider a one-dimensional example with an arbitrary number of atoms where it is

allowed to extend the interactions beyond nearest neighbors. The energy is now written as [38]:

Z gm0 — uj,n)Q (2.39)

where K is the force constant, the sum over j’ is along the atoms in different unit cells and
n denotes which unit cell it is, and the sum over n includes the reference unit cell (labelled as

n = 0). The force on the atom is given by:

3 Uj.0
FJ = Z 4.3’ Uj70 — uj/ﬂ) m; Gt; (240)

8uj 0 N
The solution of the harmonic equation of motion is a sinusoidal wave including the sum
over all possible modes. A wave with wave vector k and frequency wj, will cause an atom to be

displaced according to the ansatz:

Wiy = Z ajjuei(kna—wyt) _ Z Al,mj_l/2€j7,,€i(kna_wyt) (241)

where @;, is the amplitude, a is the length of the unit cell, na is the position of the n'* atom,
v labels the mode (in a 1D system, there are as many modes as atoms in the unit cell), A4, is a
scale factor which is temperature dependent and e;, are normalized variables which contains
information about the relative displacements of the atoms due to the wave. Substituting the

wave equation into the force equation, one can see that, for each value of v:

1/2 _ 1/2 1/2 ikna
—m;'"e;, w2 E Girm(my “ej, —my"ejr e ) (2.42)

We can generalize the results in a matrix form. If we define the N x 1 matrix e, as formed

from different components e;,,, then:

ew:=Dxe (2.43)

where the N x N matrix D, which is called the dynamical matrix, has components
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Dy = (mmyp) ™ K jnl05 — €*) (2.44)

It is also possible to form a matrix €2 with components w,,,» = wgé,w/. Thus, €2 is a diagonal
matrix whose components are the squares of the vibrational angular frequencies. The problem

can now be written as:

exQ=Dxe=0=e'xDxe (2.45)

This is an eigenvalue problem: the components of matrix €2 are the eigenvalues of D and e
contains the eigenvectors. This problem was optimized to be solved by performing calculations
with a computer. The task is to set up the dynamical matrix using individual interatomic
force constants, and then find its eigenvalues to get the mode frequencies. The mathematical
formalism described here can be extended for calculations on three-dimensional systems. The
term ikna in the exponential needs to be replaced by a ik.r where r is the vector between the
reference unit cell and its neighbor unit cell, and k is the 3D wave vector. Now, the three com-
ponents of the displacement vector has to be taken into account, and therefore each component
of the dynamical matrix will be replaced by a 3 x 3 matrix representing the combinations of the
components of each pair of displacements. Indeed, the frequency matrix €2 and the eigenvector

matrix e will become 3N x 3N matrices.

2.3.2 Quantization of lattice vibrations

Previously, we have investigated how the vibrations are distributed along the crystal, but
so far, we have not calculated the amplitudes of the vibrations. As one can expect, the vibra-
tion amplitude will strongly depend on temperature, and the proper treatment incorporates
quantum mechanics. The harmonic vibrations can be quantized in the same way that the
electromagnetic field is quantized into photons. The fundamental quanta of lattice vibrations
are the so called phonons. The zero point energy, i.e. the ground-state energy is equal to
Ey = %hw, and its corresponding motions at T = 0K are called the zero point motions. The
mean energy of each vibrational mode is given by E = hw(3 + n(w,T))], where n(w,T) is the
number of phonons, often called as the phonon number.

Let us now develop the phonon hamiltonian in the harmonic approximation. Any wave
causes the atoms in the unit cell to be displaced by amounts given by the mode eigenvector
e(k,v). Within the harmonic approximation, the eigenvectors will not depend on temperature.

However, we expect the resultant atomic displacement to depend on temperature. We therefore
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write the contribution of all normal modes to the displacement of the j** atom in the {*" unit

cell:

u(jl) = > e(j.k,v)e* QK v) (2.46)

\% ]ku

where r denotes the atom position, Q(k, v) is called the normal mode coordinate and sub-
sumes the time and temperature dependence of the wave. The time dependence of Q is written
as Q(k,v) = —iw(k,v)Q(k,v). By deriving Eq. 2.46 and substituting the value of Q(k, /), its

possible to calculate velocity of an atom, and it is given by:

Z (k, v)e™*UDQ(k, v) (2.47)

JkV

u(ji)

The kinetic energy of the atom will be given by 3m;[u(jl)[?, and the total kinetic energy of

the crystal can be obtained by summing over all atoms:

—Zmﬂu Jl)[? ZZ (k,v)w(k', v )e(j, k,v).e*(j,k', )

Pk (2.48)
xeITINQk, 1) Q" (K, 1)

By using the definition of the Delta function, its possible to notice that the sum over 1 does
not vanish only if k = k/. Furthermore, by using the eigenvectors e normalization condition,

the kinetic energy can be simplified to:

—Zm]|u ik Zw (k,v)|Q(k,v)|? (2.49)

Obviously, the the total phonon energy is the sum of the kinetic contribution and the
vibrational potential energy. In order to derive an expression for the potential energy, one has
to consider the dynamical matrix, but for instance, we will state that the average vibrational
potential energy is equal to the average of the kinetic term. Therefore, the phonon vibrational

energy is:

E = Z—wku(|@ku 2y = Zhwku( (ku)T)Jr%) (2.50)

The number of phonons in thermal equilibrium is given by the Bose-Einstein distribu-

tion, derived from the partition function for phonons. In the high temperature limit, where
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kT > hw, it is possible to expand the thermodynamic funtion as powers of hw/kpT, and

(1Q*(k,v)|?) = wé“(iTy). The Hamiltonian of the crystal, in terms of the individual vibrations,
is given by:

vib 2 : /71

H Zm]\u G0I* + Z ol jz 811 G h-ul) (2.51)

Alg
From the analysis done above, it is possible to notice that the Hamiltonian can be written

as:
i 1 E : - 1 E
H b — 5 . 62(1{7 V)Q(—k7 V) —+ 5 3 wz(k’ I/)Q(k, V)Q(_k; I/) (252)

2.3.3 Anharmonic interactions

The basic harmonic theory has proven to be successful to provide an understanding of some
phenomena regarding the interaction between light and matter. However, some phenomena
can not be explained within this approximation, for example, the temperature dependence
of phonon frequencies, thermal expansion, thermal conductivity etc. Let us now modify the
harmonic model in order to have a better understanding. The anharmonic terms in Eq.2.38
does not have an exact solution. An approximation that can be made is to consider that the
anharmonic terms are small compared to the harmonic ones, and thus they simply modify the
harmonic picture. This is the so called quasiharmonic approximation, in which the anharmonic
interactions are assumed to give rise to changes in the phonon frequencies due to the change in
the material structure. Moreover, the phonon frequencies can be modified through other effects
such as direct interaction between different phonons, the latter being known as the renormalized
phonon theory.

Our approach will be to expand the anharmonic terms in the Hamiltonian of Eq.2.52:

o = %Z Q). v) + 5 3wk 1)QUk, 1)Q(—k. )

5 D0 el QU QU IQK A+ K K
kk’ P V” (2.53)

1
—FZ Z

v,V v
: k, K’ k” k///
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The « coefficients are related to the n'* derivative of the energy. Moreover, A(K) is related

to a conservation law:

1, fK=G
A(K) = (2.54)

0, fK#G
where G is the reciprocal lattice vector. It is possible to show, using the second quanti-
zation formalism, that the anharmonic terms have a physical interpretation which is related
to collisions between phonons which lead to change in the frequencies as well as creation and
annihilation of phonons. The third order anharmonic event is depicted in Fig.2.11. In the case
shown in the left, the phonon spontaneously decays into two others and in the other case, two

phonons merge to form a third one.

K, w ’
k. w k+k+G,
k, w ’ w 7w’
NN\ N> s AVAVAV:4
k-Kk+G, K, w0’

w - w’

Fig. 2.11: Feynman diagram representing phonon collisions in third-order anharmonic interac-
tion. In the left, one phonon spontaneously decays into two others conserving the energy. In
the right, two phonons merge and form a third.

In the processes depicted in Fig.2.11, the phonons are sketched in a way that suggests that
the motions either side of the interactions are in the same direction. Nevertheless, the wave
vector conservation law implies a change in the overall wave vector by addition or subtraction
of a reciprocal lattice vector; and therefore the flow of energy can be changed, even reversed
by anharmonic interactions. We have shown here the third order processes, but there are also
the fourth order interactions which can also give a significant contribution to the energy of the
crystals. Furthermore, we can assert the fact that the anharmonic events can be pictured as a
change in the wave vectors and energies, and even creation and annihilation of phonons, means
that the phonons have a lifetime. Therefore, the vibrations can be described as a sinusoidal
function multiplied by an exponential decay to represent the finite lifetime. In this way, the
Fourier transform will be the convolution of a Dirac delta function at the vibrational frequency
of an exponential function, which is a Lorentzian function. This means that the a measurement

of an anharmonic peak width in an experiment (see Chapter 3) with high resolution will give
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the inverse of the phonon lifetime. The width of this peak will increase on heating, since
more phonons will emerge and therefore the probability of collisions and the process shown in

Fig.2.11 will increase. This effect is called phonon broadening.

Thermal Expansion

The volume thermal expansion coefficient S can be written as:

1 0V oP
- () —k (_> 2.55
=y <8T>p ot /v (2:55)
where K is the isothermal compressibility. Pressure is given by the derivative of the
free energy with respect to V, ie. P = —(g—g) o The free energy in the high temperature

limit is: F' = E+ kT, ln(k’BiT), where E is the lattice energy. Therefore, the pressure is

P=-%_|pT > %%. We now calculate [3:
J

1 Ow;
f=—Krkp Z w—a—c‘d; (2.56)
— Wi

j
Let us now define the Grueneisen parameter:
V Ow; Olnw,

= = — 2.
7 w; OV olnV (2.57)

and the Grueneisen parameter will be positive for the usual case where a mode frequency

increases as the volume decreases. The thermal expansion equation gets:

Kok 3K R
f= BN = (2.58)

V , V
J
where v is defined as the sum over the 3N, individual parameters.
The phonon frequency change due to the thermal expansion can approximated by Grueneisen

law, expressed by:

(&) -=(3) 559

w

Note that this law is applicable to crystal lattices which expand isotropically.

Temperature dependence of phonon frequencies
It is not possible to solve the Hamiltonian Eq.2.53 exactly, and then we will look for a
quasi-harmonic approximate solution, which retains the main features of the harmonic model.

We will assume that the temperature dependence of the phonon frequencies are only due to
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the dependence on the force constants with volume, i.e. will depend only on the crystal volume
dependence with temperature. In our approximation, we will consider the second and the
fourth term in the Hamiltonian Eq.2.53, neglecting the kinetic and the third term. We will

now neglect the fluctuations and use a mean-field approach:

Q(k”, V//)Q(k”/, l////) — <Q(k”, I/”)Q(k”/, V”/>>

koT (2.60
B 5k”,7k”’ 61///’”/// )

~ w2(k//’ V//)
where we have also assumed that we can work with the high-temperature limit, and the
delta in the k wave vector is expressing the conservation law and the delta in the v express the

orthogonality condition. The Hamiltonian gets:

@Z (4) Q(kv V)Q(_kv V)

k,—k k" —Kk" 211 0!
4 Kk’ v w? (K", ")

= %;uﬂ(k, DOk, )O(—k, 1) + (2.61)

v

There are six ways of selecting independent pairs for the second term, and this is why it

has been multiplied by six.

4@
kaBT k’_ka///C_Hk//
2 v,w, V' v
(w0 m)+ 2= 32 ) % Qs nQ(-k
kv k,k (2.62)

v

= 2 Y (k)R QK. v)

from where we take the renormalized phonon frequencies:

(4)

k T O[k,—k,k”7—k”
~92 ) B v v
W (k, l/) = w (k, l/) + T k/E/ - W (263)

This gives a temperature dependence to all phonons. If the coefficients are positive, the
phonon frequencies will increase with temperature. Nevertheless, the effects of the thermal
expansion usually causes a decrease in the phonon frequency since the force constants decrease
as bonds increase in length, and this effect usually dominates. In the next Chapter (Section

3.2), we will address a calculation for the phonon frequency dependence with temperature which
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takes into account other effects such as magnetic coupling with the phonons.

2.3.4 Ab-initio lattice dynamical calculations

In order to investigate theoretically systems as complicated as molecular crystals, it is
necessary to model the interactions and it has to be as accurately as possible at the same time
as being computationally doable. The simplest approach is to use empirical potentials, but they
are limited and inadequate for calculating dynamical properties. Modeling interactions with
no a priort knowledge of empirical potentials require the usage of the sophisticated ab-initio
calculations, which attempt to solve the Schroedinger’s equation governing the dynamics of
electrons. The methodology for such calculations is the density functional theory (DFT)|[39],
which will be described below. By solving the electronic structure of the system, a deeper
understanding of the system’s behavior including thermodynamical properties can be obtained
via simulation. Within the ab-initio °lattice dynamical calculation, it is possible to determine
the symmetry of the lattice vibrations, i.e. how are the atomic motions at certain vibration
and it is also possible to obtain a simulation of the Raman spectra.

In principle, it is possible to obtain the ground state of a system by solving the quantum

mechanical wave equation governing the dynamics:

7:[‘11({7%}7 {RI}) = E‘I’({Tz’}7 {RI}) (2-64)

where now W ({r;},{R}) is the many electron wavefunction, where r; denotes the electrons

position and R; denotes the nuclei positions. The Hamiltonian is therefore

7:[ = Tn + Vnn + Te + ‘/;e + ‘/en (265)

where T stands for kinetic energy, V for Coulomb potential energy, e for electrons, n for
nuclei and the electron-electron, nuclei-nuclei and electron-nuclei interactions are being rep-
resented by V.., V,, and V,,, respectively. This is a very complicated problem, since we
are dealing with a many body system. To solve this equation, one first needs to make the
Born-Oppenheimer approximation|26], i.e. the electron’s and atomic nuclei’s dynamics can be
decoupled, since the atomic nuclei is much heavier than the electrons. As a result of this approx-
imation, one can neglect the kinetic term 7},. Then, one has U({r;}, {R;}) = Y({r:})Y({R(}).
This is still a complicated problem, and it is not possible to solve this equation for two reasons:
one mole of a solid contains N ~ 10?8 electrons, since the many electron wavefunction contains

3N degrees of freedom, this is intractable; moreover, the electron-electron interaction results in

9 Ab-initio: from first principles.
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correlated electronic motions. Thus, one has to look for approximations that transform this in
a numerical tractable solution.

We now start the density functional theory approach and we define the electron density

n(r) :N/d3r2.../d3rN\If*(r1,r2,...rN)\I/(rl,rz,...rN) (2.66)

The electron density in DFT is the central variable rather than the many-body wave func-
tion, and this reduces the 3N variables to only 3 variables. Another approximation that we
use is the Hartree approximation, where the initial ansatz is to write the wavefunction as:
U(ry,ra,..rN) = ¥1(r1)a(ra)...tn(rn), which means that electrons are treated as being in-
dependent and only interacting via the mean-field Coulomb potential. Therefore, we redefine
the electron density in terms of the individual electron wave functions n(r) =2 . 97 (r)y;(r).
We consider here the Hohenberg-Kohn-Sham formulation of DFT [40, 41], and it is based upon

two remarkable theorems:

e First theorem: For any system of interacting particles in an external potential, the

ground state energy is a unique functional of the electron density n(r) : E = E[n(r)];

e Second theorem: The density that minimizes the total energy is the exact ground state

density.

Kohn and Sham put forward a new structure for the energy functional, and the functional

is split into 3 parts:

Eln(r)] = T[n(r)] + Enuln(r)] + Epc[n(r)] (2.67)
where T,[n(r)] is the kinetic energy functional for a fictitious system of non-interacting
electrons producing the same density [n(r)]. Eg[n(r)] is called the Hartree [42| energy and it

2
and F,. is the exchange correlation functional. The first and second terms in the functional

arises from the mutual Coulomb repulsion of all electrons (Eg[n(r)] = 1 [ [ %dg’rd?’r’ )

equation are known, but the third is unknown, and hence we need to approximate it. A number
of approximations to the exchange-correlation functional have been derived by researchers,
including the Local Density Approximation (LDA)[43] which express the E,. in terms of a
density of a uniform electron gas and the Generalized Gradient Approximation (GGA)[44],
which takes into account n(r) inhomogeneities by including the gradient of the electron density.
The correlated nature of the electrons within a solid is not the only obstacle to solving the

Schroedinger’s equations for a condensed matter system: for solids, there are effectively an
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infinite number of electrons. One must appeal to Bloch’s theorem[17]|, which states that the

wave function of an electron within a periodic potential is:

Yir(r) = ujeik'r (2.68)

where u;(r) is a functional that possesses the periodicity of the potential: u;(r) = >, ¢;e'¢*
where G are the reciprocal lattice vectors G.R = emrm, where m is an integer, R is the real

space lattice vectors and c; is an expansion coefficient. Therefore,

Ujpe =Y el (2.69)
G
The net effect of Block’s theorem is to change the problem of an infinite number of electrons
to one of considering only the number of electrons in the unit cell (or half of it, depending if
the spins are degenerate or not) at a finite number of k-points chosen as to the Brillouin point
Zone. Numerically, this means that we have defined an energy cutoff E. ff = %|k + GJ?.
Although it was possible to solve the Kohn-Sham equations when expanding the wave func-
tions in terms of plane waves, an all-electron calculation including core and valence electrons,
along with the Coulomb potential of the nuclei would still be forbidden when using a set of plane
waves. This happens because the tightly bound core orbitals and highly oscillatory nature of
valence electrons demand a very high value for E..,¢r. We now introduce the pseudo-potential
approximation: the core and ionic potential are removed and replaced by a pseudo-potential
which acts on a set of pseudo-wave functions. Current DFT codes provide a library of pseudo-
potentials for each element in the periodic table.
Once the electron density is determined, it is possible to calculate the force acting on the
ions, and then it is possible to move along each ion and the ionic ground state can be calculated.
It is also possible to displace the ions from the ionic ground state and determine the force on

the other ions, thus obtaining dynamical matrices and vibrational frequencies.
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Chapter 3
Experimental Techniques

In this chapter, we will review the theoretical basis of Raman scattering on phonons and its
applications to study magnetic systems via the spin-phonon coupling. Finally, the experimental

setup will be outlined.

3.1 Phononic Raman Scattering

In 1928, Sir Chandrasekhra Venkata Raman discovered a phenomenon which nowadays
carries his name. In 1930, Sir Raman won the Nobel prize for his discovery[45]. Back then, Sir
Raman used the sunlight as the excitation source, a telescope as the collector and his eyes as
a detector. Considerable progress on instrumentation has been achieved since then. A typical
Raman scattering process is schematically shown in Fig.3.1-a): a laser with a well defined
wavelength w;, k; and a polarization P; comes and excites a sample. The light is scattered by
the sample with a wavelength wy, k¢ and polarization Py and its intensity as a function of the
frequency change, i.e. its spectral density is measured with a detector. Since the wavelength
of the light is in the visible region of the electromagnetic spectrum, and therefore it is much
longer than the interatomic spacings, Raman spectroscopy can only measure phonons with wave
vectors close to zero. The scattered light consists of a component of the Rayleigh scattering,
which is an elastic contribution, the Stokes (ws < w;) component and the anti-Stokes component
(wf > w;), as shown in Fig.3.1-b).

The Stokes component corresponds to phonon emission, while the anti-Stokes correspond to
phonon absorption. An anti-Stokes process will only be present if there are phonons present in
the material before the light is incident. Therefore, the probability that an anti-Stokes process
occur at cryogenics temperatures is low. In contrast, the Stokes process does not require a

phonon to be present and thus can occur at any temperature.
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Fig. 3.1: a) Schematic view of a scattering process. b) Diagram showing the elastic or Rayleigh
scattering (w; = wy), the Stokes component (w; < w;), and the anti-Stokes component (w; >

w;).

The incoming electromagnetic wave will interact with the sample, so let us consider the

response relation between the materials polarization and the external electric field:

P(w,r) = x(w)E(w,T) (3.1)

where x(w) is the electric susceptibility tensor. The spectral density from light scattering

is given by the fluctuation-dissipation theorem[46]:

pla,w) ~ / (6 (@, H)dx(q, 0)) 't (3.2)

where q = k; — k¢ and w = w; — wy are the wave vector transfer and number. In solids,
the fluctuations of the electric susceptibility tensor originate from two sources. One is the
density fluctuations which leads to a continuum scattering and the other is due to internal
degrees of freedom like phonons, magnons. The latter ones lead to peaks in the spectral
density at frequencies corresponding to the energy of these excitations. In order to calculate
the transition electric susceptibility we have to consider the Hamiltonian which describes the
coupling of electrons to a radiation field described by a vector potential A *.

This Hamiltonian is written as:

Fe gkt — 7’2,4 + H;\A (3.3)

'We are following ref. [46]
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where
Haa=g—= > D N(ki+ke)A(ki,wi). A" (ke,wy) (34)
ki,wi kf,wf
and
. e
Ha ka‘va( )-A(k;, w;) (3.5)

where A (k;, w;) and A*(ke,wy) are the amplitudes of the Fourier components of the potential

vector of the incident and scattered photons, and where:

N(—k; + k¢) = Zek —ke).x

—ki +k¢) = Ze’(k —ke) er (36)

where rj and pj are the position and momentum operators of the j electron. N(—k; + ki)

and p(—k; + k¢) are the Fourier transform of the many-particle number and momentum oper-
ators.

The contribution of the electrons to the transition electric susceptibility involves a two

photon process, where the incident photon is destroyed and the scattered photon is created.

The differential cross-section in terms of the matrix elements of the transition susceptibility

operator is:

dgd(;f <wcf) W;W;P (Ei%Ef) = wh|ér- (f1 X |i) €° (3.7)
where
(10000 = o (118 (e e+ S LG DR
b Co 3.8
L Ulpu =k 1) 0l k) ), 88)
Eb Ez‘{’hUJf

where |i) , | f) |b) represents the initial, final and intermediate states, and V is the scattering
volume. In order to calculate the matrix elements in Eq.3.8, one has to separate the electronic
and ionic motions as well as the electronic single particle and collective coordinates in adiabatic

approximations. Its non-zero components are determined by symmetry properties of the three
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eigenstates.

Scattering by one phonon in adiabatic approximation

Inelastic light scattering by electronic excitations and by lattice vibrations are described
by the last term in Eq.3.8, and it involves the electron-radiation interaction. Light scattering
by electronic excitations is given by this term when the initial and final states have the same
phonon occupation number and differ by their electronic states. Light scattering by lattice
vibrations are represented by this term when they differ only by their phonon occupation
numbers. One phonon scattering arises from third order time-dependent perturbation theory
rather than a direct photon-phonon interactions, because of a large difference of the photon
energy (h ~ 1.5 — 2.5¢V') and the phonon energy (< 100meV’). The scattering process can be
described by the Feynman diagram depicted in Fig.3.2 and the process includes three virtual

electronic transitions:

e 1) A photon comes and excites an electron-hole pair via the electron-photon coupling,

and the photon is annihilated;

e 2) The electron-phonon interaction causes a transition of the electron or hole to a virtual

state. It is going to be an electron if it is a Stokes process and a hole if it is anti-stokes;

e 3) The transition to the electronic ground-state occurs via the recombination of the

electron-hole pair from the virtual state with the creation of a scattered phonon.

el-ph

interaction, ...,

Fig. 3.2: Feynman diagram of the first order phonon scattering, representing 1-3 electronic
transitions. The conservation of momentum gives: k; = k¢ + g, and thus we see that |q| is
maximum for a back-scattering geometry. Therefore ¢ ~ |k — (k)| ~ 222 ~ 10"m~'. This
is very small compared to the size of the Brillouin zone a typical crystal (~ 10 m~1) and
therefore inelastic visible light scattering can only probe small wave vector phonons.

The Hamiltonian H 4 represents the electron-photon first and thirds steps in the description

of the scattered process. The Hamiltonian H A4 is the contribution of the electron-phonon
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interaction, which occur by their coupling differentiating in the two different ways described
above: phonons coupling to electronic states with the same occupancy, and phonons coupling to
occupied and unoccupied states. We have briefly talked about selection rules. Eq.3.7 requires
that:

5 (18X i) £ # 0 (3.9)

and this determines the selection rules on the polarizations of the incident and scattered
light.

3.2 Spin-phonon coupling

The question we try to address in this section is how can one obtain information about
the magnetic correlations with Raman spectroscopy through the investigation of phonons. In
magnetic materials, the temperature dependence of the frequency of the a-phonon is expressed
by?:

Wo(T) — wa(Th) = Awa(T) = (Awa)thermal + (AWa)anhar + (Awa)ren + (Awa)s—p (3.10)

The first term in Eq.3.10 is the thermal expansion (explained in Chapter 2, Section 2.3).
The second term is the anharmonic contribution at a constant volume. The third term refers
to a renormalization of the electronic states at a critical temperature. Finally, the spin-phonon
contribution is caused by the modulation of the spin coupling energy, as highlighted in the
previous Chapter - Subsection 2.2.1. This contribution was first studied by Baltensperger and
Helman for the specific case of EuO[48]. Let us study this interaction, assuming that the mag-
netic Hamiltonian is the Heisenberg one - Eq.2.31. We consider here any exchange mechanism
where the exchange integral can be modulated by atomic displacements, thus excluding cou-
plings via delocalized electrons. The exchange integral depends on the spatial positions of the
magnetic ions i and j, as well as the positions of any ion which is sitting on the integral path
between the two magnetic ions. Let us expand J;; in terms of the nuclear position of a given

ion k3:

[uk.Vk]QJij + ... (311)

2We are following ref. [47]



99

where uy is the displacement vector with respect to the equilibrium position of the k ion
at a given temperature. Let us write the displacement vector uy as a static component, which
accounts for a change of the equilibrium displacements with temperature, and a dynamical

component, which accounts for the fluctuation of the equilibrium positions due to the vibrations:

Uy = up + uy(t) (3.12)

where u and uy(t) are the static and dynamical components. Now, Eq.3.11 can be sepa-

rated in static and dynamical contributions:

AT (0u(0)) = [0 Vil Ty + [0 Vil + 5 () V2 + (3.13)

Static terms on the right-side of this equation give origin to an accommodation on the
equilibrium position of some ions around the spin order temperature, which is known as the
exchange striction. This effect will be taken into account in the term (Awg)inermar- On the
other hand, the dynamical term will be responsible for the spin-phonon coupling. The change
in the exchange integral due to harmonic displacements is given by:

1 .

AJy(t) =5 > Tw(t). Vil Ty (3.14)

where the sum is over all atoms in the crystal. Therefore, the variation in the exchange

energy(Eq.2.31) due to the vibration will be:

A/}_A[spin—phonon — __ Z Z uk <S S. >

,7>1 k

_% ( Z[uk(t).ﬁkP) ( Z Jij <Si-Sj>>

k 1,J>1

(3.15)

Since this equation involves quadratic terms of the ionic displacements, one can write:

Ar}_zspin—phonon _ Z uk spm k(t) (3 16)

spin

where Dy is a 3x3 tensor, whose components are the second derivatives of the integral

exchange J;; times de spin correlation function summed over the magnetic ions:

3We are assuming adiabatic approximation.
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spin _ azjij . Q.
(D" )1m = Z Bl D) (Si.S;) (3.17)

ij>i
It is possible to notice that there will be a change in the magnetic energy and a change
in the elastic energy, as well as a change in the eigenfrequencies of some phonons. Indeed, by

referring to Eq.2.39, the elastic potential of the ions can be written as:

Uelastzc _ 5 Z Uk(t)DkJ(/elaStlcui{(t) (318)
k!

and we write

Dk7klelastzc = 5k,k’ g (I)k,k” + (I)k,k’
k//

O*br s
Tk 10T i )m

where ¢y, 1 is the potential energy between the k and k’ ions, and (ry, 4 ); is the I component

(3.19)
(Ppp)im =

of the position vector between the two ions k and k’. Then, the harmonic potential is given by:

Uharm — Uelastic + A/}:lspinfphonon —

; ; 1 ,
= — Zuk<t) (Dk7klelastzc + Dkspm)uk(t) + 5 Z uk<t)Dk7k/ela5tZCUi((t)

k kKK

(3.20)

Since the D" tensor elements are composed by terms which are proportional to (Si.S;),
this tensor vanishes for temperatures well above the ordering temperature. Thus, we expect that
the frequencies of some phonon modes, which participates in the magnetic coupling, deviate for
T < Te. If the value of FH{sPn—rhonon ig negative for T < T, this phonon will be contributing
to the stabilization of magnetic coupling. The mean potential energy and the kinetic energy of

this phonon will be reduced, and this is a softening. Therefore:

e phonon softening < magnetic ordering stabilization by the vibration;

e phonon hardening < magnetic ordering destabilization by the vibration.

The correction to Eq.2.40 due to the spin-phonon coupling will give a new motion equation

for the k ion which is given by:

Mdise = =V,U"" = = 3 (DR + b u Dy Jue (3:21)
k' £k
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we look for plane wave solutions:

u (1) = epel KR (3.22)

where R are the Brillouin lattice vectors, and €, are vectors which are identical for atoms
which occupy the same point in different unit cells, i.e. €, = ¢ for rp = r + R. Let N be the

number of ions per unit cell, we then have to solve the set of 3N equations:

N
Mkw2€k _ Z (Dk’k”elastic(K) + 6ku7ka5pin)€k” (323>
k=1
where
Die(K) = ) DYl o) (3.24)

R

In these equations, the index k” denotes an ion inside the unit cell, and therefore it can
vary from 1 to N, and 1’ indicates any other ion inside the crystal, thus ¥’ = £'(R, k”). Let us
compact Eq.3.23:

(Delastic + Dspin)e = w2 (325)

where the vector € is composed by the vectors e, D" and D*P™ are composed by the
tensors MLka,knel“s“c(K) and Mika‘gpm. Diagonalizing the tensor D¢t + D*P™"  one can
obtain its eigenvalues, which are the square of the frequencies and its eigenvectors, i.e. the
normal vibrational modes at the center of the Brillouin zone.

It is possible to separate the spin term contribution, considering that it is much weaker

than the one from the elastic term. From Eq.3.23, one can obtain:

2 _ .~ yelastics A in »
w = €, D, 4 €,DPe,, (3.26)

where €,.€, = 1. Therefore, the change in the phonon frequency due to the spin-phonon
coupling will be:
Awspinfphon(m — L€ Dsping (327>
a 2wa « «
It is therefore possible to obtain quantitative information about the magnetic correlations

through the investigation of the phonon frequency as a function of temperature.
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3.3 Experimental Setup

Fig,3.3 illustrates schematically the experimental setup for Raman Spectroscopy. The ex-
perimental setup is mounted on an optical table made up of granite, in order to avoid vibrations
instabilities. Conventional Raman spectroscopy makes use of a continuum laser in visible light
as the excitation source. Ar/Kr laser are widely used for that since they provide a significant
number of possible wavelengths in the visible spectrum, and have high power. In particular,
for this work, we used a wavelength of 487.99 nm, which is a blue line. The Ar laser emission
is mostly in the blue and green line, while the Kr provides red and yellow wavelengths. Unfor-
tunately, one drawback of this type of lasers is the presence of plasma lines, which arises from
atomic transitions of the gases. This effect can be reduced by putting a pre-monochromator
and an iris diaphragm. The pre-monochromator is also used in order to select an extremely
fine wavelength, and it consists of a diffraction grating which disperses the non wished light
coming in. The iris diaphragm will stop the unwished dispersed light. For polarized Raman
spectroscopy, a polarization rotator is added just after the pre-monochromator. After that,
the beam goes through a path consisting of mirrors and the beam needs to be focused on the
sample: that is achieved by placing a lens with focus length of f = 10cm. The focused beam is
incident on the sample with a spot size of ~ 200 um in a quasi-backscattering geometry - the
angle between the Poyinting vectors of incident and scattered beams is ~ 160° + 15°. The laser
power on the sample is ~ 10 mW. The scattered light coming from the sample is captured by
a commercial camera lens (f = 8 cm) which focus and send the beam into the spectrometer.
For polarized Raman spectroscopy, a polarizer is placed in front of the spectrometer.

A schematic view of the Jobin Yvon spectrometer T64000 is depicted in Fig.3.4. The
spectrometer can work on three different configurations: simple, double subtractive and triple
additive. We used the double subtractive mode, where the first stage consists of two diffracting
gratings with 1800 lines/mm which act as a filter, removing the elastic signal. The first slit
width is (S; = 200 pm). The second slit is large (S2 = 2000 pm). The third slit width is
S3 = 100 pm. The third grating disperses the filtered beam directly to an area detector-
Charge coupled device (CCD) with 512 x 256 pixels, which is cooled with liquid Nitrogen. The
signal is processed with the Software LabSpec.
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Fig. 3.3: Schematic experimental setup for Raman spectroscopy. M stands for mirror, L for
lens and P for polarizer.

Fig. 3.4: Schematic view of the triple spectrometer. SM stands for spherical mirror, G is
grating, M-mirror, S-slit.
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Optical measurements are conducted on the sample placed in a closed-cycle helium cryo-
stat (Advanced Research Systems). The sample space allows for optical access via an optical
window. A copper finger is used for mounting the sample holder. The sample is glued on the
evacuated cold finger with a Silver paint, in order to obtain a great thermal contact. A vacuum
of the about 107° Torr is obtained with a turbomolecular pump (Edwards). The temperature
is measured by a calibrated silicon diode sensor (accuracy of + 12 mK) and controlled by a 100

Q) resistance heater anchored in the cold finger.
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Chapter 4

Spin-% chain CuSbyOg

This chapter presents a Raman scattering study of the layered Copper oxide CuSbyQOg.
This compound is a prototype of a low dimensional spin system which presents a spin-Peierls
transition. Extensive theoretical and experimental studies have been performed in order to un-
derstand its unusual magnetic behavior. Firstly, an introduction to the scientific study will be
presented. A preliminary characterization with X-ray diffraction was performed to determine
the sample orientation and it has confirmed the presence of twinning and bicrystallinity. Fur-
ther, our Raman scattering results will be discussed. Polarized Raman spectroscopy was used
to determine the symmetry of the phonon modes. Most interestingly, the temperature depen-
dence and lattice dynamical calculations are presented and its association with the magnetic

properties will be addressed in a possible scenario for interpretations.

4.1 Crystal structure and magnetic properties

CuSby0g has a monoclinic trirutile crystal structure of space group P2;/n with lattice
parameters a = 4.6349 A, b = 4.6370 A, ¢ = 9.2931 A and 8 = 91.124°[49]. At T ~ 390 K,
a second order phase transition from monoclinic S-CuSbyOg to tetragonal a-CuSh,Og4 takes
place. The Cu?*t ions sits in the center of the octahedra with oxygens in their corners, as
in Fig.2.2. Above ~ 390 K, dynamic Jahn-Teller effect is possibly realized in the tetragonal
phase leading to fast dynamic exchange between the two different possibilities for elongation,
resulting in average compressed octahedra. Below the phase transition, Jahn-Teller effect is
leading to a CuOg elongated octahedra[12]. This structural phase transition is accompanied by
a formation of crystallographic twins, which will be discussed in Section 4.3.1.

The spin—% Cu?T ions form a square lattice in the ab-plane and another Cu?* ion is sitting

in the center of the unit cell, and forming a square lattice with the same ion from neighboring
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unit cells. The magnetic ion’s outer 9 electrons are in the 3d shell, such that there is one
unpaired electron lying in the e, orbital. The angular momentum is quenched and therefore it
has a moment composed only by spin S = % Magnetic susceptibility on powder samples have
confirmed it by fitting the experimental high temperature susceptibility with the Curie-Weiss
law, obtaining p.sr = 1.758u5[50], close to the expected value from Tab.2.2.

The magnetic cation sublattice is that of the KsNiF,, which includes many examples of
square lattices exhibiting 2D antiferromagnetism, including La,CuO,4. Surprisingly, as pointed
out in the Introduction, this system presents a magnetic susceptibility which fits extremely
well over a large temperature range to a Heisenberg S = % 1D Bonner Fisher fit, with an
exchange constant ranging from -86 K to -98 K [51, 52, 49, 53, 54]. Moreover, low temperature
susceptibility measurements show a sharp drop at Ty ~ 8.5 K, indicating a transition to long
range AFM order. This transition is believed to occur as a result of the dimerization of the
spins, known as spin Peierls transition, which is caused by the coupling of one-dimensional
Jordan-Wigner transformed fermions with the three-dimensional phonons. Thus, the contrast
of the 2D lattice and the 1D magnetic behavior in this compound has been inferred as a result
of an unusual orbital ordering, as better explained in the next Subsection 4.1.1.

The coupling strengths have been investigated|50]| in 5-CuSbyOg by calculating the spin
correlation interaction energies of two adjacent spins. A strong antiferromagnetic coupling
is predicted to be along the [1 1 0] direction, i.e. the superexchange pathway is along the
Cu-O-0O-Cu bond, where the bond angle is 180°, as shown in Fig.4.1. The nearest neighbor
interaction at z=0.5 is relatively smaller, and the Cu-O-Cu bond angle is close to 90°. The
interchain-to-intrachain coupling ratio was estimated at 2 x 1073.

The reports on magnetic structure and magnetic susceptibility anisotropy are controver-
sial. Neutron diffraction experiments revealed a long-range ordered magnetic structure at low
temperatures with a magnetic propagation vector (1/2,0,1/2)[51, 53, 54] and a small ordered
magnetic moment of ~ 0.5up per Cu, suggesting that quantum fluctuations are present. Mag-
netic moments are aligned into ferromagnetic lines along the b-axis, and antiparallel along a
and c-axis. Different orientations of magnetic moments with respect to crystal axes are reported
in the literature. Another neutron powder diffraction study [51] has revealed spins to be in
the ab-plane, but were not able to distinguish between collinear alignment of the spins at z=0
and z=0.5 and canted spins. Single crystal neutron diffraction studies have proposed magnetic
moments canted away from the b axis towards the a axis with different canting at z=0 and
z=0.5[54|. This canting was based on the magnetic susceptibility anisotropy published on the
same paper. In contrast, two other single crystal neutron diffraction studies have shown that

collinear antiferromagnetic order is realized with magnetic moments aligned along the b-axis,
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Fig. 4.1: a) Crystal structure of the a-CuSbyOg showing the ab-plane (z—0) and the second
Cu?™ at z=0.5. b) Correspondent magnetic couplings for z=0 and z=0.5. The superexchange
pathway is along the Cu-O-O-Cu bond at z=0 and Cu-O-Cu at z=0.5. ¢) Magnetic unit cell
at zero field at long-range order. [50, 53]

and this is shown in Fig.4.1(c)[50, 53].

Below the Néel temperature Ty, different magnetic susceptibility anisotropies are found in
literature. Large decrease of susceptibility is observed when magnetic field is applied along the
easy axis reported for the b axis direction|[8, 55], a axis direction[49] and for both directions|6,
15, 54]. An abrupt change in the magnetization direction is observed when sufficient strong
magnetic field is applied (Hgrp = 1.25T") along both a and b directions, indicating an spin-flop
transition. This suggests that both a and b are easy axes in this compound. Thus, one can

conclude that the magnetically ordered state is still not completely established yet.

4.1.1 Proposed Orbital Ordering

The calculated band structure within the local (spin) density approximation (L(S)DA) is
shown in Fig.4.2[5]. It shows two pair of bands crossing the Fermi level. This is a very unusual
result for copper oxide materials, and in the standard cuprate scenario only one band crosses
the Fermi level. Projecting the orbitals onto the band structure with a local coordinate system,
it is possible to see that the broad pair of bands belongs to the 3ds.2_,2 and the narrow pair
belongs to the d,2_,2. This unusual band structure comes from the fact the CuOg octahedra
are slightly distorted, as can be seen in Fig.4.2(b), so that the degeneracy in the e, orbitals
are only slightly lifted. The energy difference between the band centers of the out-of-plaquette

and in-plaquette are about 0.3 eV, while in the standard cuprates, it is usually 2 eV.
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Fig. 4.2: a) Calculated LDA band structure of the a-CuSbyOg. Taken from ref. [5] b) Crystal
structure showing the local coordinate system: xy-plane is called plaquette.

The electronic calculation is therefore evidencing a strong competition between the two e

orbitals. There are two possible ways to infer the one-dimensional order in this system:

e Scenario 1: the electronic interaction is mediated via the plaquette oxygens CuQy, leading

to a 1D ordering along the [1 -1 0] direction at z—0;

e Scenario 2: the electronic interaction is mediated by the out-of-plaquette oxygens, leading

to 1D ordering along the [1 1 0] direction at z=0.

As pointed out before, we can already have an insight that the second scenario has to be
the correct one to be in agreement with the neutron diffraction data. A tight-binding model
fit was performed by the authors for both pairs of bands separately. The values of the hopping

parameters are shown in Tab.4.1.
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(meV) | t; to ts ty ts tg tr
oy | 20| - [175 [ 208 [ 38| - [-186
dsy2_p2 | 9.52 | -197 | -13.1 | -3.86 - -17.9 -
(K) J1 Ja J3 Ja Js Je Jo
dy2_y, | 4.23 - 3.15 | 4.46 | 0.15 - 0.04
ds,2_,2 | 093 | 400 | 1.76 | 0.15 - 3.32 -

Tab. 4.1: Hopping parameters and its correspondent coupling strengths obtained by a two-site-
one-band TBM fit. The hopping paths are: t; (00 0) — (1 00), t2 (00 0) — (1 10), t3 (0
00) = (-110),t4 (000) = (001),t5 (000) = (101), tg (000) = (533), t7 (000) —
(222). Taken from ref.|5]

The exchange constants are obtained from the hopping integral value using Eq.2.32, where it
was used an effective value for the Coulomb integral of U.;; = 4.5 eV. The hopping parameters
obtained for the d,2_,» band are all similar in magnitude, implying that the interactions are
approximately equal along all the main hopping paths ¢y, ¢5, t3 and t4. This is indicating a three-
dimensional magnetic ordering, which is incompatible with the experimental data of magnetic
susceptibility and neutron diffraction. The ds.2_,2 band fit provided an exchange coupling J,
which is much higher than the other ones, corresponding to hopping path ¢ which is along
the [1 1 0] direction and so through the out-of-plaquette oxygens, which is compatible with the
experimental neutron diffraction data. The calculated J; value is overestimated when compared
to the experimental value (by a factor of four) due to possible ferromagnetic contributions.

In summary, the presence of a quite regular octahedra in the crystal structure introduces
a competition between the e, orbitals for the ground state in this compound, as depicted
in Fig.4.3-a). Correlations drive the electronic structure to a unique ds.2_,2 orbital ordering
(Fig.4.3-c), which leads to a one-dimensional magnetic ordering.

Although electronic structure calculations and TBM fit performed in ref [5] have revealed
an orbital ordering which drives the magnetic correlations to one-dimensional ordering, an

experimental evidence of such orbital ordering is still missing in the literature.
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(a) (b) ()

Fig. 4.3: a) Schematic view of the competition between the d,2_,» and ds.,2_,2 orbitals. b)
Standard cuprate scenario, where the only orbital crossing the Fermi level is a d2_,2. c)
Unique orbital ordering in CuShoOg. Taken from ref. [5]

4.2 Single crystal growth

The samples were obtained in collaboration with Montana State University (USA) and were
grown by the group of Professor John Neumeier and Aaron Christian. For the preparation of
polycrystalline CuSbhyOg, mixed powders of starting materials CuO and ShyO3 were ground
and pressed into pellets. In the first step, the temperature profile was 950°C for 12 h and in
a second step reheated at 1000°C for 12h with intermediate grinding in a solid state reaction.
The endothermic chemical vapor transport growth of CuSbyOg single crystals with HCI TeCly
as transport agents was employed: CuSbyOg powder and HCI or TeCly were mixed and sealed
in an evacuated quartz tube. The tube is inserted in a two-zone tube furnace with source-zone
temperature of 900°C and growth zone temperature of 800° for 200 hours. The obtained crystals

are green in color, indicating insulating behavior and one sample is shown in Fig.4.4.

Fig. 4.4: CuSbyOg single crystal obtained by the endothermic chemical vapor transport method.
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4.3 Results

4.3.1 X-ray diffraction characterization

As mentioned in Section 4.1, characterizing crystals with X-ray diffraction (XRD) is essential
to align the sample and for a better understanding of the crystal behavior because of its
potential for bicrystallinity. Laue measurements and X-ray diffraction have shown that the
sample orientation is the one indicated in Fig.4.4, [0 0 1].

The presence of two crystalline domains was not apparent upon visual inspection. However,
it was apparent on polarized Raman scattering studies making it difficult to determine the

symmetry of the normal modes. Twinning was observed through Laue images and XRD revealed

bicrystallinity, as shown in Fig.4.5.
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Fig. 4.5: a) Laue pattern showing the orientation of the single crystal in the & direction and
indicating twinned crystallites at room temperature, in the monoclinic phase. b) 6 — 26 scan
showing different domains for the sample.

The formation of two types of twinnings is observed for this compound: growth twinning,
present even in the tetragonal phase, and multiple twinning associated with the structural phase
transition, occurring as a result of two different choices for elongation of two crystallographic
equivalent octahedra in the unit cell. Additionally, the existence of disoriented domains in the

monoclinic phase was also observed. Further, the formation of bi-crystals is present as well.
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4.3.2 Raman scattering study
Vibrational normal modes

The tetragonal trirutile a-CuSbyOg crystal structure belongs to the space group P4s/mnm
(136) and it presents two formula units per unit cell. Therefore, a total of 54 modes are expected
to be present. The sites symmetries for Cu is 2a, for Sb is 4e, and for O are 4f and 8j. The
factor group analysis is presented in Tab.4.2', and it corresponds to the following irreducible

representations for the Raman active modes at the center of the Brillouin zone:

I'=4A,,+ 2B, + 4By, + 6L, (4.1)
Polarization | Raman Active modes | Expected number of phonon modes
-Z(YY)Z Ay 4
By, 2
-Z(XY)Z By, 4
-Z(Y'Y')Z Ay 4
By, 4
-Z(XY')Z By, 2

Tab. 4.2: Polarization rules for a-CuSb,Og. In this notation, the laser propagation direction at
the entrance is -Z and at the exit is Z. The polarizations are indicated inside the parenthesis, and
the first indicated value is the polarization at the entrance, while the second is exit polarization.
X||@, Y||b e Z||, where @, b and & are the lattice vectors. The polarizations X’ and Y’ indicate
45 ° rotation with respect to the original polarizations X and Y around the Z-axis.

Fig.4.6 displays Raman spectra in different polarizations at 420 K.

L Appendix A addresses the selection rules calculations shown in Tab.4.2.
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Fig. 4.6: Raman spectra of a-CuSh,Oyg in different polarizations at T = 420 K.

Noticeably, the A;;, modes are not completely disappearing for crossed polarizations -
Z(XY)Z and -Z(X'Y’)Z as expected from the group factor analysis (Tab.4.2). This is ascribed
to a twinning of the single crystal on a microscopic level and /or the presence of crystal domains
with distinct orientations (bi-crystals), as discussed in Subsection 4.3.1. Nevertheless, it was
possible to identify the symmetry of the modes, and a second confirmation is obtained with
the simulated Raman Spectra from the lattice dynamical calculations, as it will be addressed
in the next Subsection 4.3.2.

Ab-initio Lattice Dynamical calculation

The study of vibrational properties was done using Ab-initio methods of Density Functional
Theory (DFT), with the Quantum Espresso code [56]. The electronic wavefunction was de-
scribed using plane waves with kinetic energy cutoff 50 Ry, and the charge density cutoff was 300
Ry. The atomic inputs for each atomic position was taken from reference [57] and the values for
the a-CuShyO4 were used for simplicity. Exchange correlation effects were treated within the
Generalized Gradient Approximation (GGA) with the functional proposed by Perdew-Burke-
Ernzerhof. The Standard Solid State pseudo-potential (SSSP) is employed in this work. The
phonon energies were calculated for the I' point of the Brillouin zone, accessed by our Raman
scattering experiment.

The calculations were performed in two steps. First, no relaxation of the structure was
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performed and the experimental values for the atomic positions were used. The calculated
frequencies for the observed vibrational modes in the first step are shown in Tab.4.3. In a
second step, the structure was relaxed to its minimal energy configuration and the vibrational

frequencies were calculated again, and they are shown in same table.

Mode symmetry | w calculated in 1% step | w calculated in 2"¢ step | w Experimental value
Alg 503 456 515
671 567 652
744 624 729
Blg 284 290 316
B2g 246 218 240
688 588 592
843 703 825

Tab. 4.3: Comparison between the calculated frequencies in steps one and two of the ab-initio
lattice dynamical calculations and experimental values.

The calculated frequencies in the first step are generally in better agreement with the
experimental value than the ones obtained with relaxed structure, except for the By, mode and
Ba, at wey, = 592 cm ™. The vibrational modes and their correspondent atomic displacements

are schematically displayed in Fig.4.7 and Fig.4.8.

(a) A1y ~ 515 cm™t (b) A1y ~ 652 cm™?

Fig. 4.7: Schematic representation for each vibration observed in the Raman spectra as obtained
within ab-initio lattice dynamical calculation [56].
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(d) Bag ~ 592 cm™!

(e) Bag ~ 825 cm™!

Fig. 4.8: Schematic representation for each vibration observed in the Raman spectra as obtained
within ab-initio lattice dynamical calculation [56].
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The A;, mode at ~ 515 cm™! is a stretching vibrational mode of the oxygen atoms against
copper in a breathing configuration. In the phonon mode at ~ 652 cm™!, the in-plaquette
oxygens vibrate in a different direction than the bonding one, and the upper oxygens vibrates
in opposite directions. The out-of-plaquette oxygens vibrates along the bond in this mode. At
~ 729 cm™!, vibrations of the out of plaquette against the Cu ion takes place, as well as upper
in-plaquette oxygens vibrating in opposite directions. At ~ 316 cm™!, there is a bending mode,
where all oxygens vibrate in a direction different from the bonding. At ~ 240 cm™?, there are
Sb vibrations included and the oxygens in intermediary positions between z=0 and z=0.5 are
vibrating along the c-direction. The oxygens at z=0 and z=0.5 are vibrating along the bond
direction. The vibrational mode at ~ 592 cm™lis a stretching mode where the out-of-plaquette
vibrates along the bond direction and there is a small contribution of the in-plaquette oxygens
vibrating agains each other in the c-direction. In the vibrational mode observed at ~ 825 cm ™!,
the out-of-plaquette oxygens are vibrating along the bond and the in-plaquette oxygens vibrate

in a direction that is not along their bonding to the copper atom inside the octahedra.

Structural phase transition

At T ~ 397 K, a second order structural phase transition takes place, and this can be seen
in the Raman spectra as the emergence of a new intense peak at ~ 670 cm ™! at the S-CuSbyOg

phase shown in Fig.4.9.
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Fig. 4.9: a) Unpolarized Raman spectra at temperatures close to the structural transition a-
CuSh,Og = B-CuShyOg. b) Evolution of the ~ 640 cm™ and ~ 670 cm™! modes which are
sensitive to the structural lattice distortion.

Phonon frequencies of both peaks at ~ 670 cm™! and ~ 640 cm~! are plotted in Fig.4.10.

One can notice that the behavior of these two peaks as a function of temperature indicate that
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they are related, getting closer to each other at the transition.
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Fig. 4.10: Phonon frequencies of peaks at ~ 670 cm™' and ~ 640 cm™! as a function of
temperature indicating that these peaks are correlated.

The intensity of peak ~ 670 cm~! divided by the intensity ~ 640 cm~! is plotted in Fig.4.11.
One can note that this value is approaching zero, which indicates that the peak at ~ 670 cm™!

is emerging in the Raman spectrum at 7.
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Fig. 4.11: a) Integrated intensity of peak at ~ 670 cm™! divided by the integrated intensity
of peak ~ 640 cm™! as a function of temperature is graphed in order to investigate if peak at
~ 670 cm™! is emerging at the structural phase transition. b) Zoom of Graph depicted in a)
showing a transition temperature of Ts = 397(3) K. The solid line is to guide the eye.
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Fig. 4.12: Temperature dependence of the phonon frequency difference of peaks at ~ 670 cm™!

and ~ 640 cm™! minus the difference at the phase transition at T ~ 397 K. The solid line
is a polynomial fit. Notice that this quantity is decreasing continuously to zero at the phase
transition, emphasizing its second order phase transition feature.

In addition, the temperature dependence of the phonon frequency difference of peaks at
~ 670 cm™t and ~ 640 cm™! minus the difference value at the transition temperature is
plotted in Fig.4.12. One can notice that this quantity is rising from zero below the critical
temperature Ty ~ 397 K and therefore it looks like an order parameter of a second order phase

transition.

Temperature dependence of phononic excitations

In order to investigate the spin correlations, as explained in Chapter 3, several spectra in
different temperatures were taken and are shown in Fig.4.13. Let us follow the behavior of each
peak as a function of temperature.

Upon cooling, several distinctive features show up. First, several new phonon modes become
visible in the spectra. At T' ~ 160 K, a phonon mode at ~ 435 cm™! appears, and at T ~ 200
K, we see two additional modes at ~ 658 cm~! and ~ 705 cm~!. In addition, almost all phonon
modes become sharper and more intense, as depicted in Fig.4.13 for the phonon mode at 825

cm™ L,
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Fig. 4.13: a) Unpolarized Raman spectra with incident beam direction along ¢ crystallographic
axis in different temperatures. b) Evolution of the ~ 825 cm™! mode.

Several phonon modes undergo a substantial shift in energy, as depicted for each specific
mode in the next graphs. Let us concentrate on the behavior of each phonon as a function of
temperature. Each phonon mode is then fitted considering the Pseudovoigt function, which is a
combination of the Lorentzian and Gaussian functions. The error bars included in the following
graphs are purely statistical and come from the fitting process. The error in temperature can
be considered as 1 K and it is not displayed in the figures.

The temperature dependence of the ~ 825 cm ™! mode is graphed in Fig.4.14. With decreas-
ing temperature from 350 K, this mode undergoes an appreciable hardening of approximately

10 em™! and then is saturates around T~ 115 K. Upon cooling, there is a tiny jump at T ~ 110
K.
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Fig. 4.14: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 825 cm™! phonon mode.

The violet line is a fitting down to 115 K and extrapolated to lower temperatures considering
the anharmonic decay of optical phonons processes which includes higher order terms involving

cubic and quartic anharmonicity[58] rather than Eq.2.63:

3
eZpT — ] (e% —1)2

1+ (4.2)

0
e2kpT — ]

2
w(T):wO+A<1+fM—> + B

where w, is the phonon frequency, A and B are adjustable parameters.

It is possible to notice that the extrapolation of the fit to lower temperatures is fitting quite
well. It is noticeable that there is a considerable broadening of the phonon and a decrease of
the integrated intensity as the temperature increases.

The next mode depicted in Fig.4.15 shows the behavior of the vibrational mode at ~ 729
cm~t. Upon cooling, again there is an increase of the phonon frequency until it saturates at

about T'~ 115 K. Upon further cooling, they slightly soften while showing a tiny jump at 110



81

K. It should be noted that this softening takes place for temperatures whose energy scale is
comparable to the low dimensional exchange constant J ~ 105 K and where the Curie law is
reported to deviate due to the low dimensional behavior[6]. Such an anomalous evolution of

phonon modes has been interpreted in terms of spin-phonon coupling.
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Fig. 4.15: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 730 cm™! phonon mode.

A similar behavior is observed for the phonon at ~ 677 cm ™!, as shown in Fig.4.16. Notice

that this phonon is also sensitive to the structural transition, as discussed in Section 4.3.2.
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Fig. 4.16: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-

grated intensity of the ~ 677 cm™! phonon mode.

The temperature dependence of the frequency for the phonon mode at ~ 635 cm™! shows
a softening upon cooling in all the entire measured temperature range. Again, an anomaly
associated with the spin-phonon coupling is showing up at T" ~ 110 K, where the frequency
slightly shifts towards a higher value and then it softens more. This is the second mode
participating in the structural phase transition. It should be noted that the phonon broadening
effect with increasing temperature as well as the decrease in the integrated intensity can be

observed for this phonon as well.
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Fig. 4.17: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 635 cm™! phonon mode.

The phonon mode at ~ 589 cm™!, shows a tiny hardening upon cooling from 450 K down
to 115 K of approximately 1.2 cm™!, where it starts softening after a jump at 110 K. The size
of the anomaly associated with the low dimensional behavior compared to the energy size of
the anharmonic decay is the highest of spectra. The width is increasing and the integrated

intensity is decreasing with increasing temperature.
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Fig. 4.18: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 589 cm™! phonon mode.

An even more intriguing behavior is taking place for the phonon mode at ~ 515 cm~*. Upon
cooling, an anomalous softening of the order of 10 cm™! is occurring. At T ~ 110 K, a slight
increase in frequency is taking place. A pronounced Fano asymmetric line shape is observed for

this mode, which suggests an interference between the phonon and the electronic excitations.
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Fig. 4.19: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 515 cm™! phonon mode. In the inset of b), a fit of the Fano line shape
(violet line) -Eq.4.3 to the phonon mode (circles) for 7' = 90 K.

Therefore, this peak was fitted using a Breit-Wigner Fano line shape[59]:

(1 + UJ;I(:‘UO)z

where I is an offset, wy is the phonon frequency, H is height, I' is the width and q is the

[=Iy+H (4.3)

asymmetry parameter.

In addition, with increasing temperature, the broadening of the phonon is taking place
up to approximately 240 K where it saturates. The temperature where this second anomaly
manifested in the phonon width occurs is not associated to spin-phonon coupling and neither

to any transition temperature reported in the literature.
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Fig. 4.20: Temperature dependence of (a) the phonon frequency (b) peak width and (c) inte-
grated intensity of the ~ 429 cm™! phonon mode.

I as a function of temperature.

Fig.4.20 shows the evolution of the vibration at ~ 429 cm™
It is possible to notice that this vibration does not show spin-phonon coupling and the phonon
exists until approximately 200 K.

The phonon modes at ~ 311 cm™! and ~ 318 cm™! are depicted in Fig.4.21. These two
phonon modes present very similar behavior: spin-phonon coupling occurring for 7' < 110 K,

phonon broadening effect and a decrease in the integrated intensity with increasing temperature.
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