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Abstract

This work is aimed at studying two isostructural materials xk-(BEDT-TTF), Hg(SCN),Br
(k-Hg-Br) and x-(BEDT-TTF), Hg(SCN),Cl (k-Hg-Cl), specifically elucidating the mech-
anism by which the electron-electron interaction gives rise to their exotic ground states.
Both materials are quasi-two-dimensional organic Mott insulators on a triangular lattice
which makes them highly frustrated systems. x-Hg-Cl and x-Hg-Br go through metal to
insulator transition (MIT) at 30 K and 80 K. Studying two isostructural materials with al-
most identical chemical formula and only one atom replaced in the anion layer is almost
equivalent to applying hydro-static pressure and thus, is useful in providing information
about the effect of certain parameters on the ground states. To elucidate the magnetic
ground state we study heat capacity and Raman response of single crystals of these mate-
rials. Our low temperature heat capacity measurements suggest a presence of a linear term
in the temperature dependence of x-Hg-Br, which might indicate the existence of gapless
spinons. Such linear term couldn’t be detected in k-Hg-Cl, whereas both have almost iden-
tical phonon contribution. Here we demonstrate experimentally that new charge degrees of

freedom emerge in the molecule-based Mott insulator x-Hg-Br resulting in quantum dipole
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liquid state. Electrons localized on molecular dimer lattice sites form electric dipoles which
do not order at low temperatures and fluctuate with frequency detected experimentally in
our Raman spectroscopy experiments. The heat capacity and Raman scattering response
support a scenario where the composite spin and electric dipole degrees of freedom remain
fluctuating down to the lowest temperatures. Raman Response of x-Hg-Cl was very inter-
esting and perplexing; it showed charge order at 30 K where MIT transition takes place, but
at very low temperature it crosses over to another phase that seemingly changes the charge
symmetry. Few mechanism are suggested but the mechanism by which this re-entrant takes
place is still under investigations. Low-frequency Raman measurements were conducted
to investigate magnetic excitations in both materials. No signature of magnetic excitation
were detected in either materials which eliminates the possibility of anti-ferromagnetic or-
dering. Magnetic state is very interesting and is still under investigation by many groups

active in the field.
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Chapter 1

Introduction

1.1 Research Context

My research is done within the realm/paradigm of Quantum Materials in hard con-
densed matter. Quantum materials is rather a new term to include under its umbrella two
research fields: systems with topological order and systems with electronic correlations.
The two fields were united under one term because both share a theme of emergence where
the aggregate properties of a many body system cannot be predicted from a reductionist
understanding of the properties of the constituents or electrons, fig. This aggregate
behavior leads to the manifestation of interesting behavior that on some level have macro-
scopic properties [e.g. quantized magnetic flux in superconducting vortices and quantized
Hall resistance] that are quantum mechanical in sense that they involve Planck’s constant.

The two fields are exemplified by two important discoveries: the quantum hall effect
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(materials with topological order/states) and high temperature superconductivity (strongly
correlated materials). The first field focuses on the study of emergent behavior due to the
the geometric properties or nontrivial topology of electronic wave function such as frac-
tional quantum hall effect, topological insulators and topological superconductors to name
a few. My research focuses on strongly correlated materials where the Coulomb interac-
tion between electrons couldn’t be ignored anymore. To describe these materials models
are developed where electron-electron interaction term is added in the Hamiltonian. A very
important example of strongly correlated materials is Mott insulators that is represented by
the Hubbard model.

Strongly correlated materials have very complex phase diagrams. Electrons in solids
have several degrees of freedom: charge, spin, orbital, and topological nature determined
by the atomic potential on the crystal lattice structure, as illustrated in Fig. [I.2] These
attributes either couple or compete to yield a zoo of degenerate ground states and complex
phase diagram. Competing interactions enable the transformation of a material from one
phase to another in response to weak change in external stimuli or parameter. At absolute
zero, quantum phase transitions takes place because quantum fluctuations become more
effective in driving the material into a new ground state. The study of strongly correlated
materials leads to the prediction and discovery of new phases of matter. Therefore, the topic

is under extensive research theoretically and experimentally with two main objectives:

e Discovery of new ground states or phases of matter

e Construction of phase diagrams to understand the nature and mechanism of these

2
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Context

Quantum MaterialS|  my research

Quantum Topology Strong Correlations
Property of ground state wave Electron-electron Interaction: High-
function: QHE T.superconductivity

Emergence

spinons, fractional charge,
dissipationless transport

Figure 1.1: Schematic illustration of current research in hard condensed matter physics
and where the work presented in this document fits within the field

phases of matter and phase transitions.

My research focuses on Mott insulators, those showing charge order and charge fluctua-
tions/spin liquid behavior. Thus, a brief introduction about Mott insulators and spin liquids

would be presented in the following subsections.

1.2 Objective/Motivation

Our motivation is to study the ground state of two isostructural organic materials for

two purposes:
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Figure 1.2: Schematic illustration of the electron and its properties or degrees of freedom
that affects the ground states of materials and phase transitions.

e 1) Search for quantum spin liquid candidates among BEDT-TTF-based organic con-

ductors
e 2) Understand the mechanism this state is achieved.

r-Hg-Cl was found to show an unexpected charge ordered state] This was the first
record of charge degree of freedom in this type of organic Mott insulators. Generally
phases are strongly dimerized and do not show charge ordered states. This result moti-
vated the study of its iso-structural compound x-Hg-Br. Our preliminary heat capacity

results of k-Hg-Br showed signatures of low temperatures gapless excitations that could
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be attributed to spinons. The results were very similar to those of the spin liquid candi-
date k-(BEDT-TTF),Cuy(CN)3. That lead to further in depth study of the material and its
isostructural material k-Hg-Cl to understand charge degree of freedom and its influence on
magnetic properties. We used Raman spectroscopy to probe the charge degree of freedom

and magnetic excitations at low temperatures.

1.3 Mott Insulators

In solid-state physics, transport properties of materials were studied using different
models to predict the behavior of charge carriers in solids and give quantitative estimates of
resistivity, carrier density, mobility, etc. The simplest model is the free electron model with
metals were considered as a non-interacting electron gas where the interaction between the
ions and the valence electrons was neglected. Such model showed success with metals
but didn’t explain the mechanism of insulators. So an improvement was introduced by
the nearly free electron approximation where the periodic potential introduced by the ions
in a crystal lattice was introduced to the Hamiltonian. In that model, the electrons were
represented by Bloch wave functions that have the same periodicity as that of the underlying
crystal giving rise to band structure. Energy bands consist of a large number of closely
spaced energy levels that can be approximated as a continuum. There are two important
bands that determine the electrical conductivity of materials: the conduction band and

valence band. The conduction band houses electrons with highest energy that can move
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freely in the material and create an electric current under the influence of electric fields. The
valence band is the outermost electron orbital of an atom that electrons occupy. The energy
difference between the highest occupied energy state of the valence band and the lowest
unoccupied state of the conduction band is called the band gap. Materials with large band
gap are insulators and those where the conduction and valence bands overlap are metals,
in between are semiconductors and semi-metals. However, the band structure failed to
explain a subset of insulators that are actually half filled or in other words, are metallic band
structure-wise. Such Insulators are called Mott insulators and their behavior is attributed
to the electron-electron interaction where the on-site repulsion between electrons, U, opens
a gap at the Fermi level forming a full lower Hubbard band and an empty upper Hubbard
band with band gap equal to U, see fig. Hubbard theory is one of the simplest models

to explain and study Mott insulators:

HHubbard = Zt(C;rUng—i‘H.C)+Ztl(CLCjU+H.C>+U Z(n”—l/z)(nu—l/2) (11)

ij,0 ij,0 A

where ¢ and ¢ denote the hopping transfer integrals between nearest neighbors and next
nearest neighbors and are representations of the degree of overlap between atomic/molecular
orbitals on different lattice sites. For U >> ¢, ¢ ; deep in Mott insulating phase, the Hub-

bard Model simplifies to Heisenberg Model with J = 4¢2/U and J' = 4t2/U:
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HHeisenberg = Z Jz]Ssz (12)
]

where .J;; is the exchange energy between sites i and j, S; = (S¥, SY, S7) = 52 s el Gasci
is the spin operator on site i and , & = (0, 0, 0.) is the vector of Pauli matrices.**

Figure from reference” illustrates a summary of different insulating states on a lat-
tice at N./N = 1/m filling where N, is the number of electrons and N is the number of
lattice sites. These models go beyond the band structure and Coulomb interaction due to
ions alone and include electron-electron interaction U. The on-site potential U opposes the
double occupancy of a state. There is also the coulomb interaction between electrons on
nearest neighbor lattice sites V. Figure[I.4]a) shows the case of a half filling with only on-
site interaction U, such state represents a Mott insulator. The transfer integral ¢ represents
the hopping or kinetic energy of electrons, and the competition between U and ¢ determines
whether the material is insulator or metal; as U/t gets larger the materials goes to insulating
State.

At 1/2m filling, 1/4 and 1/6 for example, the charge are not distributed equally on
lattice sites leading to symmetry breaking; such charge ordered state/Wigner crystal state
is another insulating state due to the interaction between electrons on different lattice sites
represented by V. In short, in case of 1/2 filling, only large on-site repulsion U achieves
an insulating state. While in case of 1/4 and other fillings, both on-site potential U and
inter-site potential V' cooperate to achieve an insulating state. Extended Hubbard model

includes inter-site repulsion term V' to model such systems.
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Figure 1.3: Schematic illustration of the band structure in a Mott insulator and the effect
of electron-electron repulsion U on the gap opening.

Figure [I.4] b) shows the case when dimerization is included and represented by the
transfer integral ¢,. In such case the bonds and subsequently hopping between lattice sites

are not equivalent. If 1/4 filling is combined with dimerization we could get two states

8
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depending on the relative value of inter-site interaction V' and dimerization parameter .
In case t; >> V, the electrons within a dimer hop easily between sites such that the charge
density is equally distributed within the dimer unaffected by the repulsion V' due to elec-
trons outside the dimer. In such case, the state is a dimer Mott insulator. In the second case
where V' >> t,, the electrons hop easily within a dimer and the effect of V' from outside
electrons redistributes the charge density within a dimer forming an electric dipole. Ferro-
electricity takes place in the latter case where charge order and bond order are achieved to

produce spontaneous ordering of electric dipoles below certain critical temperature 7...

(a) | 1/2illing y (b) | 1/4filling + dimerization |
O0—CO0—C—0—0 ;
Mott insulator :fd: t (S Ay tazV
1/4-filling <P>=’0'\;‘ V Dimer Mott insulator
u
73 Wigner crystal Blary t sy £, W<V
— Charge order = et "= Charge ord
] B ge order
1/6-filling V} U Vv Vv +bond order
O—C—CO0=0—"0C— = ferroelectricity
4

Figure 1.4: Adapted from reference® a) Shows different filling and different potential
terms (U, V and V) that represent on-site, nearest neighbor and next nearest neighbor
repulsion terms. b) Shows the effect of adding dimerization; transfer integrals representing
hopping between lattice site are not equivalent anymore where some sites are more coupled
than others leading to interesting ground states.

1.4 Quantum spin Liquids

Quantum spin liquids (QSL) is a new state of matter where the spins do not order at

zero temperature. This state was first introduced in a published paper by P. W. Ander-
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son* where the new phase is represented by Resonating Valence Bond (RVB) state. The
QSL state became even more interesting when in another paper®* he proposed that RVB
state could explain high Tc superconductivity. QSL is a manifestation of magnetic frus-
tration that could take place due to geometric frustration or competing exchange interac-
tion or both. The simplest example is a 2D triangular lattice where the spin interaction
is described by Ising model. Because spins has only up or down orientations with anti-
ferromagnetic interaction J between spins, it is not possible to have all three spins ordered
anti-ferromagnetically with respect to each other, see fig [[.5] As a result, spins tend to
fluctuate even at low temperatures and fail to freeze or order. This phenomenon is called
magnetic frustration. When the total spin is small, quantum fluctuations could be strong
enough to allow spin fluctuations at zero temperature. This ground state is also degenerate;
in fig[I.5|there are six different spin configurations that have the same energy. This phase is
a disordered state with spatial symmetry. Fig[I.6|shows the RVB state that mathematically
models a QSL ground state. Fig a) shows that every pair of spins entangle to form a
spin-0 singlet state. Fig. [1.6] a) illustrates short range entanglement and fig. [I.6] shows
long range entanglement where spins are further apart and thus, are more weakly bound.
Due to frustration, the spin singlet could be formed of any pair of electrons in the lattice.
As a result, the RVB ground state is superposition of all the possible states with each state
describing a certain spin singlet configuration. An excitation from the ground state is the
creation of a quasi-particle of zero charge and spin 1/2 called spinon due to the breaking

of a valence bond into a free spins. These low energy spinon excitations are considered the

10
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smoking gun of quantum spin liquids.

It was later discovered that on a 2D isotropic triangular lattice that spins achieve long
range order. Solutions of the Heisenberg model (spins are allowed to orient in any di-
rection), proved that spins are oriented at 120° to form conventional anti-ferromagnetic
state, 220 see fig. [1.5right panel.

Magnetic frustration is expected to be detected in Mott insulators because they have a
localized net spin at each lattice point. Experimentally few QSL were discovered among

organic conductors?%27-2

where the triangular lattice is anisotropic with exchange inter-
actions J and J'. Theoretical work has been done to propose mechanisms that lead to
magnetic frustration in anisotropic triangular lattice giving rise to QSL state. One theory
proposed that the interplay of ring exchange and geometric frustration give rise to phase
diagram where competition between classical ordered state creates QSL state.® The ring
exchange is represented by a permutation operator that permutes four spins around a a pla-
quette. Fig. a) shows a plot of the anisotropic triangular lattice and fig. [I.7b) shows
ring exchange on three different configurations of four-site plaquettes.

Another theory relevant to my work is the coexistence of quantum dipole liquid state
and coupling between charge and spin.® Some organic conductors exhibit ferro-electricity
where electric dipoles exist on each dimer (two identical molecules linked together) and
spontaneously order below T.. Such systems are called quantum dipole solid. When elec-

tric dipoles fluctuate and fail to order at zero temperature, the material is called quantum

dipole liquid. This fluctuations is due to the continuous motion of charge within a dimer.

11
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Figure 1.5: Left panel: schematic illustration of magnetic frustration within Ising model
and the resultant degenerate ground state. right panel: It was shown experimentally and
theoretically (within Heisenberg mode) that isotropic triangular lattice achieves long range
order at 120°

Due to the coupling between the charge and spin degree of freedom, spin fail to order too

down to zero temperature.
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Figure 1.6: Adapted from reference a) Two spins entangle forming spin singlet . b)
Superposition of different configurations of short range spin entanglement. c) Long range
entanglement between spins forming spin singlets. d) The creation of spinons, an excitation
achieved by the breaking of a valence bond into free spins.
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Quantum Dipole Solid Quantum Dipole Liquid

Figure 1.7: Schematic illustration of a) anisotropic triangular lattice adopted from refer-
ence’ b) ring exchange interaction. ¢) quantum dipole solid where electric dipole form on
each dimer. d) quantum dipole liquid where charge fluctuates are rapid between molecules
within a dimer, adopted from reference.

14
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Organic Conductors

Organic materials were mainly electrical insulators and with the discovery of the first
organic 1D superconductor (T"MTSF)sPFj, organic conductors started to attract a lot
of attention.*® Quasi-two dimensional organic conductors caught much attention recently
because they were among the first strong candidates of QSL2%27"2% The crystal structure is
arranged in alternating layers of cations and anions with the cation layers are formed of the
organic BEDT-TTF (ET) molecules, see fig[2.1]b). The conductivity is low in the direction
of layer stacking and high in the layer plane and thus, these systems are considered quasi-
two dimensional materials, ﬁg). Each BEDT-TTF molecule consists of 10 carbon,8
hydrogen and 8 sulfur atoms linked by covalent bonds, see Fig 2.1 b). There are two
terminal ethylene groups on both ends of the BEDT-TTF molecule. These ethylene groups
are twisted out of the molecular plane which makes the molecule in either an eclipsed

or staggered conformation. The charge transfer salts generally exhibit disorder at room

15
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temperature due to the random occurrence of both configurations while at low temperatures
the staggered conformation dominates *!

The ET molecules within the cation layers could have different arrangements and one
of the most interesting arrangement is the x-phase, fig[2.2] ¢). In that arrangement, every
two molecules form a dimer and every dimer donates one electron to an anion giving rise
to a half filled band. Due to this half filling (one hole per lattice site), these materials are
expected to be conductors. However, due to the electron-electron interaction, there is an
on-site repulsion between electrons, U, that opens a gap (equal to U) at the Fermi level
forming a full lower Hubbard band and an empty upper Hubbard band, giving rise to Mott
insulating state. Because these materials are insulators with half-filled band, they could
act as a model system of 2D triangular or square lattice of localized electrons with spin
1/2 on each lattice site. That model system is interesting because they could give rise to
magnetic frustration with specific values of parameters. Fig. [2.3] shows the equivalent 2D
lattice with different parameters that control the behavior of the material. Parameter ¢, is
the transfer integral between two molecules within a dimer, the larger the value of ¢, the
larger the dimerization. Parameters ¢,, t, and ¢ g represent transfer integral between nearest
neighbor and next nearest neighbor dimers. The effective transfer integrals are calculated
as follows:

t=1t,+1, 2.1)

t=1t,/2 (2.2)

16
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Figure|2.3|shows the effective transfer integrals on the 2D lattice and how they affect the
geometry of the lattice; if ¢/t << 1, the lattice is square with little frustration. However; if
'/t ~ 1, the lattice is isotropic triangular lattice. Values of ¢/t in between 0 and 1 give rise
to anisotropic triangular lattice with varying degrees of geometric frustration. Magnetic
frustration could be achieved through the interplay of geometric frustration and additional
interactions between spins such as ring exchange. In the simplest case where geometric
frustration in only included, the value of exchange interactions .J and J’ are calculated as
follows:

J ~ 4t)U 2.3)

J ~ At JU (2.4)

Figure is a phase diagram that shows the effect of transfer integrals, and electron-
electron interactions U and V on the behavior of the organic charge transfer materials.”
The right axis in green shows the effect of dimerization, ¢4, on the the ground state; as the
dimerization increase, the ground state moves towards anti-ferromagnetic Mott insulator.
As dimerization become less effective or in other words, t; become smaller, the state is
pushed towards charge ordering and ferro-electricity. The top axis in red shows the effect
of frustration; in less dimerized materials, frustration is expected to push the system form
charge ordered state to exotic metal state. In more dimerized systems, frustration drives
Mott anti-ferromagnetic state to Spin liquid state. Few materials are given as examples on

the diagram in fig. [2.4] for each of these ground states. Such phase diagrams show the

17



CHAPTER 2. ORGANIC CONDUCTORS

(a) low (b)

conductivi .
N tyAnlon layer

d
Hzc/S\C/S\ /S\C/S\CHz

C=C
Cation HzC\S/C\S/ Ng-CNg-CH:

high conductivity b

Figure 2.1: a)The structure of quasi-two dimensional organic conductors, an array of ET
molecules form the cation layer along which the conductivity is high. The cation layer
alternate with the anion layer and the conductivity along the layer stacking is very low.
Ref. 7b) BEDT-TTF molecule.

richness of these materials where different phases or competition between ground states
could be probed by applying hydro-static or chemical pressure (the substitution of one
atom with another that has same chemical properties). Table 2.1 shows calculated transfers
integrals for different materials using Density functional theory calculations (DFT) and the

corresponding predicted ground state.

Table 2.1: Parameters of the Hubbard model adapted from references™?

Compound t/t Ut Ground state
k-(BEDT-TTF)yCu[N(CN);|Br 042 5.1 Superconductor
k-(BEDT-TTF)yCu[N(CN),]Cl 044 55 Antiferromagnet

k-(BEDT-TTF);Cuy(CN)3 0.83 7.3 Spin Liquid
k-(BEDT-TTF);Cu (SCN), 0.58 6.0 Superconductor
k-(BEDT-TTF),Hg(SCN),C1 (300 K) 0.80 5.1 Metal
k-(BEDT-TTF),Hg(SCN),CI (50 K) 0.84 4.37 Quantum dipole solid?
k-(BEDT-TTF),Hg(SCN),Br Spin Liquid

18
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Figure 2.2: a) ab plane of x-phase organic conductor, adapted from reference;" it shows
the alternating anion and cation layers. b) ac place of x-phase organic conductor showing
that BEDT-TTF molecules are inclined with respect to lattice direction a, adapted from
reference; grey lines correspond to the anion layer, green circles correspond to the atoms
of the anion layer and orange solid lines illustrate the interaction path between the S atoms
in the BEDT-TTF layer and the anion layer. c) bc plane of the x phase showing dimers
where every two molecules form one dimers (circled).” d) bc plane of anion layer, adapted
from reference.!
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Figure 2.3: a) An illustration of bonding and transfer integrals between different molecules
in the x-phase, adopted from reference® b) Adopted from/? is an illustration of effective
transfer integrals and corresponding exchange interaction between lattice sites
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Figure 2.4: Adopted from reference” Phase diagram of charge transfer materials and the
effect of frustration and dimerization on the ground states.
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Materials under Study: «-(ET); Hg(SCN); Br and

k-(ET), Hg(SCN), CI

In this work I focused on the study of two isostructural Mott insulators that could be
accurately modeled by a 2D triangular lattice of dimers. Crystal structures of the studied
materials, xk-Hg-Br and x-Hg-Cl were published in references 32 In Table 2.2 informa-
tion about crystal structure of both structures is presented. It shows that the volume of the
unit cell for k-Hg-Br compound is somewhat larger than x-Hg-Cl. The effect of replacing
Br atom with the smaller atom Cl, called chemical substitution/pressure, is equivalent to
applying hydrostatic pressure on xk-Hg-Br. Therefore, studying both materials could give
us clues on the effect of pressure on transfer integrals and subsequent change of the ground
state. Subsequently, helping us understand mechanism of exotic new ground states. The-
oretical calculations of the electronic structure are necessary to complement experimental
results and help devise models to better understand the mechanism of novel ground states.

The organic conductor xk-Hg-Br shows quite different behavior from its iso-structure
x-Hg-Cl even though they have almost identical crystal structure. Figure[2.5shows the RT
plot of both materials. k-Hg-Br goes through metal to insulator phase transition (MIT) at
80 K while x-Hg-Cl transitions at 30K. Figure [2.6]shows the effect of hydrostatic pressure
on the RT curve of k-Hg-Cl. It proves that applying pressure suppresses the MIT transition
and at a certain critical pressure the material stays metallic. Such behavior could explain

why the MIT temperature of x-Hg-Br is higher than that of x-Hg-Cl. However, there are
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still a lot of unknowns about theses materials. First, magnetic properties are still under
investigation due to some contradicting results; xk-Hg-Cl was claimed to go through anti-
ferromagnetic transition at around 27 K*® but subsequent measurements failed to detect
such transition** It was speculated that it could form a spin singlet ground state but no
experimental proof until now. Reference® claimed that x-Hg-Br showed weak ferromag-
netism below 20K arising from disorder. Mechanism and order of phase transition of both
materials are still under debate. Even though it is agreed that k-Hg-Cl becomes insulator
due to charge order, the order of transition is under debate. Reference® claims that x-Hg-
Cl goes through first order phase transition based on thermal expansion measurements,
see fig. and the existence of hysteresis in RT plots. However, we didn’t find any ev-
idence on 1st order phase transition from long pulse heat capacity measurements neither
does reference®” see such hysteresis in RT measurements. Similarly x-Hg-Br is still under
investigations to understand the the mechanism and order of the phase transition. Refer-
ences™® claims that the phase transition is 1st order based on their heat capacity measure-
ments while our measurements failed to show such 1st order transition. The mechanism by
which x-Hg-Br transitions from metallic to insulating state is still under investigation too;
no Charge order or pronounced structural change could account for the phase transition and
thus, it is not a simple Mott transition. It is suggested that charge and magnetic fluctuations
could account for MIT transition'? All these experiments prove that both these materials
are very interesting and more experimental and theoretical studies are needed.

k-Hg-Cl 1is unusual that it is a charge ordered x phase material. Also, according to
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theoretical calculations, x-Hg-Br is expected to show high frustration with j'/j = 0.83
and this is a potentially good starting point for obtaining a spin liquid behavior. Thus, it is
imperative to study the charge degree of freedom of these materials generally not probed
or well understood with other non-spectroscopic measurements. Also, a lot of theoretical
models are being developed that study the effect of charge order and its coupling with spin
to understand exotic phases of matter. Our objective is to characterize k-Hg-Br compound
and understand its ground state behavior. We have performed heat capacity measurements
to probe excitations at very low temperatures. Also, Raman measurements were taken
to study if the compound shows a charge degree of freedom similar to that of x-Hg-CI.
Magnetic excitations were also probed by taking low-frequency Raman measurement of

the compound. The aims for studying these two systems can be summarized as follows:

e -x-Hg-Cl is a known charge ordered material. We wanted to study charge degree of

freedom for a x-phase.

e -x-Hg-Br was not studied, and was interesting as a potential spin liquid.

Table 2.2: Crystal structure data for k-Hg-Br and x-Hg-Cl

Formula 1-(ET);Hg(SCN),Br (s-Hg-Br)**  k-(ET),Hg(SCN),Cl (x-Hg-CI}""

Space group C2/c C2/c
a (A) 37.09(1) 36.9564
b (A) 8.338(3) 8.2887(2)
c(A) 11.738(5) 11.7503(3)
a (deg) 90 90
5 (deg) 89.71 90.067
v (deg) 90 90
V (A3 3441 (2) 3564.29
Z 4 4
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Figure 2.5: Adapted from reference 'Y Shows the RT plot of bothe x-Hg-Cl and ~-Hg-Br.
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Figure 2.6: Adapted from reference B RT plot of x-Hg-Cl under pressure. At a critical
pressure the MIT is suppressed.
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Figure 2.7: Adapted from reference .® Thermal expansion measurements of x-Hg-Cl.

27



Chapter 3

Experimental Methods

3.1 Raman Spectroscopy

One way of characterizing and understanding behavior of materials is through light-
matter interaction. Different properties of materials could be probed by varying the fre-
quency/energy and polarization of light and analyzing the scattered radiation. For example,
elastic x-ray could be used to probe crystal structure while inelastic x-ray (Resonant inelas-
tic X-ray scattering (RIXS)) is used to investigate the electronic structure of atoms, and in
X-ray magnetic circular dichroism (XMCD), the polarization is used to probe spin and or-
bital magnetic moment of an atom. Raman relies on inelastic scattering of monochromatic
light during which energy is transferred between photons and the sample and as a result the
scattered radiation has different frequency. Generally, electromagnetic waves in the visible,

near infrared, or near ultraviolet range interacts and probes molecular vibrations, phonons
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or other excitations in the system. Therefore, results of Raman spectroscopy measure-
ments are very rich; we can probe electronic excitations, vibrational modes of molecules
and magnetic excitations.

When using Raman spectroscopy, a monochromatic beam of electromagnetic radiation
is focused on the sample and the intensity of the scattered radiation is measured as a func-
tion of its wavelength. Fig[3.1| shows a model for the dispersion of light by molecules; a
photon is absorbed by the molecule to be excited to a virtual state and then decays to a new
vibrational state emitting a photon of different energy. By measuring the frequency of the
scattered photon, the energy absorbed by the excitation could be calculated and plotted as
excitation spectrum. Fig[3.2]shows Raman spectrum plotted as Intensity vs Raman shift or
Raman wave number w, expressed in cm ™!, which is the difference in frequency between

the scattered light and the incident electromagnetic radiation:

w=wg/c—wy/c 3.1

Peaks in the spectrum represent excitations. Location of bands give information about
the energy scale of the excitations under study, and the polarization dependence provide
information about the symmetry of molecular vibrations and magnetic excitations. Ra-
man Spectrum consists of the Rayleigh line which is due to elastic scattering contribution,
Stokes lines and anti-Stokes lines due to the inelastic scattering. Stokes lines are generally
more intense because lower vibrational levels are more populated than higher levels and

thus, are the ones that we probe in our experiment.
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Figure 3.1: A model of Raman scattering. A molecule absorbs a photon to a virtual state
and then decays to a vibrational excited state by emitting a photon with lower frequency
(Stokes lines). Another possibility with lower probability is that a molecule in an excited
state absorbs a photon to a virtual state and then decays to the ground state emitting a
photon with higher energies (anti-stokes lines). Elastic scattering is represented by the

Rayleigh lines. Adapted from reference
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Figure 3.2: How a typical Raman spectrum looks like. Data is plotted as Intensity vs.
Raman shift in em~". Adapted from reference ™
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3.1.1 Instrumentation

The setup of Raman spectroscopy instruments is shown in fig. The major com-
ponents of a Raman setup are a laser source, a dispersive component and a detector. The
laser is a source of polarized and coherent EM waves. The dispersive component is used to
separate and resolve different frequencies spatially on a detector. A multi-channel detector
such as a CCD (Charge Coupled Device) was used in our experiments. Raman setups are
more complex with the involvement of many optical pieces to direct, filter and change the
beam size. We used commercial spectrometer Horiba Jobin Yvon T64000 that could mea-
sure low frequencies as low as 5 cm~ (0.8 meV) . ArtKr" laser was used where it has 10
excitation lines from 467 nm to 647 nm. To cool down samples we used Janis cold finger
micro cryostat that could go down to 4 K.

In Raman spectroscopy, there are few ways to setup the sample; we used the pseudo-
Brewster angle geometry where the incident EM waves are incident on the sample at Brew-
ster’s angle. Depending on the polarization of the incident, scattered radiation and symme-
try of the excitation, certain modes could be singled out to investigate. Character tables are
used to determine the polarization of incident and scattered radiation to detect the mode of

interest.
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Figure 3.3: The major components of any Raman setup. There is the laser source, a
component to disperse the scattered light and a detector. Adapted from ™
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Figure 3.4: Shows back-scattering setup that shows the polarized incident and scattered
light. Adapted from ™
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3.1.2 Vibrational Raman

According to classical theory, vibrational Raman scattering can be explained as the
scattered radiation due to the change in the polarizability of the molecule as it vibrates
under the influence of the oscillating electric field. When a molecule is positioned in an
electrical field , an electrical dipole moment is induced. The relation between this induced

dipole moment and the electrical field can be expressed as follows,:!

p=caE+(1/2).0.E + (1/6).7.E? (3.2)

where o, § and +y are the polarizability, hyper-polarizability and 2nd hyper-polarizability

tensors. since o >> [3, 7, the electric dipole could be simplified to:

p=akE (3.3)

Because the electric filed is caused by an oscillating EM wave, the electric field vector can
be written as

E = E,. cos(27v,.t) (3.4)

where ¢ is time and v, is the frequency of the EM radiation. The polarizability tensor
« depends on the shape and dimensions of the chemical bonds as they change during a
vibration. Therefore, the polarizability tensor « is dependent on the normal coordinate

(@ of the molecule. As a result, the polarizability could be expanded as Taylor series in
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coordinates ()

0“«
ao+z<an> Z(anan) Qr.Qr+ ... (3.5)

@, and @}, are normal coordinates that change in the k" and [** normal vibrational modes
with frequencies v, and v;. To a first approximation where all vibrational modes are in-
dependent of each other, cross terms could be ignored and only the first two terms are

retained. Therefore, the equation could be reduced to:
o, = o, + O/V.Q,, (3.6)

where a, = dQ is the derivative of the polarizability tensor to the normal coordinate (),,.

If we assumed that to a first approximation the normal coordinates are those of a harmonic

oscillator, the normal coordinate as a function of time can be written as:

QL = Quo.cos(2m.v,.t + @) (3.7)
where (), is the amplitude of vibration and ¢, is the phase angle. By substitution, we get:

P = 0. Ey. cos(2m1,.t) + 0, Ey.Q,o. cos(271,.1). cos(2mv,t + ¢,) (3.8)
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Applying the trigonometric formula cos(A). cos(B) = 1/2[cos(A + B) + cos(A — B)| we

get:

p =a,E, cos(2mv,t)
+ 1/2a;EOQVO cos2m(v, + v,)t + ¢,] (3.9)

+1/20,EoQ,0. cos[27 (vy — 13, )t — ¢))]

Therefore, the induced dipole moment as a function of the vibrational frequencies of the

incident radiations v, and of the molecule v, is:

P =p() +pPW+ 1)+ P — 1) (3.10)

where the first term is the elastic Rayleigh scattering, second term and third terms are
Raman anti-Stokes and stokes scattering. From equation 3.9, it is obvious that Raman
effect only takes place when the change in polarizability with respect to coordinates is not

zero; i.e.:

’ aOZ
o, = <8Qy> £0 3.11)

In reality, with more complex molecules, the polarizability term is a tensor that relates the
dipole moment vector and the applied electric field. Certain tensor elements are probed
when the incident and scattered are in certain polarization. Therefore, the symmetry of
the molecule and vibrational mode determine the polarizability tensor and the choice of

incident and scattered polarization of radiation. In our experiments, more emphasis was
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placed on the temperature dependence of shape and width of Raman bands rather than their
symmetry analysis. Below, I will explain what feature we were interested in and how we

used Raman to probe it.

Raman Spectroscopy of BEDT-TTF molecules

Raman spectroscopy was used to probe the charge degree of freedom for xk-Hg-Br and
k-Hg-Cl. In other words, we are interested in the charge dynamics on the BEDT-TTF
molecule within the cation layer. As mentioned in Chapter 2, charge order arises in 1/4
filled systems where charge is not distributed equally among lattice sites leading to broken
symmetry. In the metallic state both x-Hg-Cl, and x-Hg-Br have uniform charge across
molecules where holes are exchanged between molecules and dimers. As x-Hg-Cl goes
through MIT, charge disproportionation takes place where one molecule is charge rich and
the other is charge poor within the dimer, see Fig a). To investigate such change in the
charge configuration, we probe certain vibrational modes of BEDT-TTF molecule.

BEDT-TTF is a flat molecule of 26 atoms with Dy, symmetry. It has 72 vibrational
modes, few of which are of interest to us. The two modes we investigated were v, and vs,
see Fig. [3.5]b). 1, was of particular importance to us because it is charge sensitive; this
is a result of the lengthening of the central C=C bond of the molecule when more charge
occupy the highest occupied molecular orbital (HOMO). The on-molecule charge is probed
by measuring the frequency of the central C=C molecular bond vibration which changes

by ~ -140 cm~! when the charge state changes from (BEDT-TTF)" to (BEDT-TTF) ! 1336
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Vibrational mode v3 however, doesn’t couple to the HOMO but we follow its temperature
dependence at 1470 cm~! to emphasize that changes detected in v, are due to charge effects

only and not due to structural effects that can change the behavior of v3 with temperature.

1
1)

Figure 3.5: a) Charge order in « phase where within a dimer there is a charge rich and a
charge poor molecule, adopted from Ref!! b) Vibrational modes v, and v3 and their effect
on the stretching of the central C=C bonds, from Ref 2

Fig. [3.6] shows the effect of charge order on the shape of the vibrational band v,. In
the metallic phase v is at ~ 1490 cm™'and as the material is cooled down through the
transition temperature, the BEDT-TTF molecules differentiate into charge rich and charge
poor molecules. This charge ordering is manifested by the splitting of the v band into two
bands at 1506 cm™'and 1475 cm™!. There is a linear relation, determined experimentally
in Ref.[1? between the charge on the molecule and the location of the band, see fig.
Therefore, the charge rich molecule in x-Hg-Cl at band location 1475 cm™'has charge
+0.6¢e and charge poor molecule at band location 1506 cm™'has charge +0.4e.

We used the two-state-jump model'? to fit our Raman spectra to get an estimate of the
jump rate between molecules within a dimer. The calculations of the shape of the 1, band
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Figure 3.6: a)Charge order in x phase where the 15 is split into two bands 154 and vsp.
b)A plot of charge vs. Raman shift that shows a linear relation between energy of vibration
and charge on an ET molecule. (from Ref!1%).

are done using Eq.[3.12] According to the model, the shape of the v, depends on wgx, the
frequency of the jumps between the two states BEDT-TTF%4 and BEDT-TTF%6. Fig,
shows that wgx is ~ 0 in charge ordered state k-Hg-Cl but as the frequency increases,
the bands get closer and eventually at very high frequency they merge forming one broad
peak.The shift of the bands from the averaged band parameter A = 16 cm™! is obtained
using vibrational spectra in the ordered phase of x-Hg-Cl. T is the natural width of the

vibrational bands experimentally demonstrated in our measurements by the width of vs.

I(w)OCRe[< ) z(w—(wl/Q—A))+wEX/2+F/2 _wE'X/Q
o w2 i(w— (Wi + A)) +wpx/2 +T/2
(3.12)
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Figure 3.7: Two-states-jump model copied from Ref2
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3.1.3 Magnetic Raman Scattering

In last section, I introduced how inelastic Raman scattering probes molecular vibration.
In this section, I will discuss how Raman scattering probes magnetic behavior of mate-
rials. In an Anti-ferromagnet, the ground state is an ordered state where every unpaired
electron spin in the outermost atomic/molecular energy level is oriented opposite to the
spin of electrons on nearest neighbor sites. Raman can probe low energy excitations and
those excitation come in the form of spin waves, see fig. Those waves are low en-
ergy propagating disturbances in the long range order of spin. These collective excitations
are quantized to form quasi-particles called magnon. Magnons carry a certain amount of
energy w and momentum g, and have spin-1. Raman scattering can not detect magnons di-
rectly; inelastic scattering probes electric dipole transitions by changing the polarizability
of the molecule. Therefore, magnons are detected indirectly through two mechanisms:

1) spin-orbit coupling (first order magnetic scattering; main mechanism of one-magnon
scattering).
2) Exchange interaction (2nd order magnetic scattering; main mechanism of two-magnon
scattering).

The first mechanism is not relevant to my work because organic conductors have very
weak spin-orbit coupling and in addition to that, 1st order magnetic scattering has lower
intensity than two-magnon scattering. In the two-magnon interaction, two spins are ex-
changed leaving the system at an excited state. Because the momentum introduced by

Raman radiation is very small K; — Kg ~ 0 and total momentum is conserved, the two-
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TLTLT
T6T4TA

magnon #q

Figure 3.8: Spin waves in an anti-ferromagnet copied from Ref

magnon process is simply the propagation of two identical magnons in opposite directions,
assuming one magnetic site per primitive cell. Fig. 3.9)shows the mechanism and how the
spin exchange takes place in opposite directions producing two magnon excitations with

the same energy but opposite momentum:
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Wy — wWs = 2wq (3.13)

Ki—Ks=q¢ +¢~=0 (3.14)

Fig. [3.10 shows the mechanism of spin exchange in detail. The spin exchange takes
place between electrons on nearest neighbors ions. In the initial state two electrons are
in the ground state |p (r;)v_(rs)) where |u) and |v) are one-electron orbitals on nearest
neighbor ions p and v and +, — subscripts indicate spin components of +1/2 and —1/2.
Spin up electron on g state is excited by the electric field in the exciting EM wave to
higher energy state |p) through electric dipole transition without changing its spin/total
angular momentum. Then the spin up electron hops to orbital | p)l on the second ion, due
to electron-electron coulomb repulsion, the spin down electron hops to higher energy level
in the first ion orbital 1. The spin up electron on state p’ then transitions to lower energy
orbital and loses energy to produce scattered Raman radiation. As a result of this process,
the electrons flip their positions on different ions without changing their spins with final

state |p_(rg)vy(rq)). Such process can be expressed through the transfer matrix element:

2

4meg

<V+(I‘1)|€ES-T1|P;(1‘1)> <P,+(r1)ﬂ—(1‘2) Ty — 1o

” <rz>p+<r1>> (2 (00) eBorra | (1))

(3.15)
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Figure 3.9: Propagation of two-magnon excitation in an anti-ferromagnet, inspired by
Ref14

where the first and last terms represent the electric-dipole transition of spin up electron

from states |p') to |, ) and from |p.) to |p,). The middle term represents the exchange
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due coulomb repulsion between electrons.
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Figure 3.10: Mechanism of two-magnon excitation due to exchange interaction, From

Ref 1>

Two-magnon scattering is generally shown in Raman spectrum as a broad peak. The in-

tensity of the band doesn’t reflect the two-magnon density of states but rather is a weighted

average. This is because of the electric dipole transition term in the transfer matrix, see eq.

3.15. This implies that some two-magnon states will not contribute to the Raman intensity

because the corresponding dipole transition is not probed by the polarization of incident

and scattered light. The shape and location of two-magnon bands are determined by the

magnon interaction. For example, in a 1D chain of spins with anti-ferromagnetic interac-

tions within Ising model, the spin flip of one electron would cost an energy of 2.JzS where

z is the number of nearest neighbor, S is the spin and J is the exchange interaction energy
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between spins. Therefore, the cost of spin flip of two non-interacting spins is 4.J25 = 4.J.
However, in case of two-magnon scattering, the process could be viewed as the flip of two
interacting spins and the energy would be 2J(2zS5 — 1) = 2J, a reduction in the energy of
the two-magnon excitation compared to twice the energy of single magnon. The location
of the band corresponds to the excitation energy of two-magnon process.

In 2D magnetic lattices, the interactions get more complicated and generally complex
models are tested where more terms are included in the Hamiltonian that includes, next
nearest neighbors and ring exchange. Such models are studied to predict the shape, lo-
cation and polarization dependence of two-magnon band in Raman spectrum. Also, few

theoretical calculations!®!”

were done to study the effect of frustration on the polariza-
tion dependence/symmetry and energy of two-magnon bands. In a model of 2D lattice
with nearest neighbor interaction J and next nearest interaction .J', theoretical calcula-

d, 217 where the ratio J'/J is increased form 0 (square lattice) to 1

tions were performe
(isotropic triangular lattice). It was shown theoretically and experimentally'®27 that in 2D
anti-ferromagnetic square lattice, two-magnon band shows strong polarization dependence
where the density of states is much more pronounced in cross polarization, B, mode,
than in parallel polarization, A;, mode, see fig. b) and Such strong polariza-
tion dependence decreases as J' increases from 0 to J, see Fig[3.11] a) and So in
frustrated systems, two-magnon excitations appear in Raman spectrum in the A;, mode

too. Also, the two-magnon peak position changes from 3.J to 3.J/2 by changing J' = 0

to J' = J. In particular, frustration-driven spectral downshift was observed experimen-
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tally!®!7 The general trend observed is that spectral softening progressively develops as
the system becomes more frustrated. Including other interaction terms in the Hamiltonian
such as the ring exchange may predict the broadening of the spectrum due to the increase

in low-energy excitations 117

S (a) Triangular lattice
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Figure 3.11: a) Calculation of two-magnon band in an isotropic triangular lattice in parallel
(bb) and perpendicular (bc) polarization. b) Calculation of two-magnon band in a square
lattice of an anti ferromagnetic material. From Ref1®
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Figure 3.12: a) Calculation of two-magnon band in parallel polarization and the effect
of frustration J'/.J on the location of the band. b) Calculation of two-magnon band in
perpendicular polarization and the effect of frustration J'/J on the location of the band.
From Ref!?
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3.1.4 Experimental Procedure

Single crystals of k-(BEDT-TTF),Hg(SCN),Cl (k-Hg-Cl) and x-(BEDT-TTF),Hg(SCN),Br
(k-Hg-Br) were prepared by electrochemical oxidation of the BEDT-TTF solution in 1,1,2-
trichloro-ethane (TCE) at a temperature of 40° C and a constant current of 0.5 pA. A
solution of Hg(SCN),, [Me,N]SCNKCI, and dibenzo-18-crown-6 in 1:0.7:1 molar ratio
in ethanol/TCE was used as supporting electrolyte for the x-Hg-Cl preparation. For the
r-Hg-Br preparation, a supporting electrolyte Hg(SCN),/[Me,N]JSCN1.5KB1/ dibenzo-18-
crown-6 in 1:0.4:1 molar ratio was used. The composition of the crystal was verified by
electron probe microanalysis and X-ray diffraction.

Raman scattering was measured in pseudo-Brewster angle geometry using T64000
triple monochromator spectrometer equipped with the liquid N5 cooled CCD detector. For
the measurements in the 5-400 cm™! range T64000 in triple monochromator configuration

was used, for the measurements in the range 80-2000 cm™!

single monochromator con-
figuration with the edge filter option was used. Spectral resolution was 2 cm~!. Lines of
Art-Kr™ Coherent laser at 514.nm and 647 nm where used for excitation. Laser power
was kept at 2 mW for the laser probe size of approximately 50 by 100 pym. This ensured
that laser heating of the sample was kept below 2 K, as was proved by observing the tem-
perature of ordering transition in k-Hg-Cl. Measurements at temperatures down to 10 K
were performed using Janis ST500 cold finger cryostat. Samples were cooled from 300 K

with cooling rates between 0.2 and 0.5 K/min. Samples were glued on the cold finger of

the cryostat using GE varnish. The experiments were performed on at least 6 samples to
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ensure reproducibility of the results. A few wave numbers spread in the width of v, band
at low temperatures for xk-Hg-Br was associated with a weak strain originating from GE
varnish, all the other parameters of the spectra were reproducible within the error bar of the
measurements. The crystals were oriented using polarization-dependent Raman scatter-
ing measurements. For the measurements, electrical vector of excitation e;, and scattered
es light were polarized along b and c axes. Our notations of polarizations refer to the
structure and symmetry of the BEDT-TTF layer, to make an easy comparison to the cal-
culations which refer to D4,*® without loosing the information about the symmetry of the
real crystal. Thus A;, symmetry corresponds to the were measurement in (b, b) and (c, c)
geometries, and By, corresponds to (b, ¢) and (¢, b) geometries (xy). All spectra were cor-
rected by the Bose-Einstein thermal factor. Intensity of the collective mode was calculated

as I(T) = [ \"(w)dw

3.2 Heat Capacity

3.2.1 Introduction

Heat capacity (symbol C) is a measurable physical quantity and is defined as the ratio

of the heat transferred to or removed from an object to the resulting temperature change.*

Cy = (Q/0T)y (3.16)
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Cp = (0Q/OT)p (3.17)

where the subscripts denotes at constant pressure or constant volume. The unit of heat
capacity is joule per kelvin (J/K) and that of specific heat used throughout the document
is mJ/K.mole

Heat capacity measurements of organic conductors were taken to study phase transi-
tions and understand the different contributions to density of states and excitations of the
material. The behavior of the heat capacity as a function of temperature has generally
three contributions; lattice contributions due to phonons, electronic contribution and mag-
netic contributions. A typical plot of heat capacity is shown in figure that shows the
different contributions to the total heat capacity.

Debye model and Eisenstein models were developed to estimate the phonons contribu-
tion to the specific heat in solids. Debye’s model treats the vibrations of the atoms in the
lattice as phonons in a box while Einstein’s model treats the atoms in a crystal as many 3D
non-interacting quantum harmonic oscillators with the same frequency. The Debye model
correctly predicts the 7 dependence of the heat capacity at low temperature. Both models
recover the Dulong-Petit law at high temperatures. In metals, the main low-temperature
contribution to the heat capacity comes from the electrons and is calculated by different
methods such as Sommerfeld’s free electron model. The electron contribution to the heat
capacity is proportional to 7', which dominates the Debye contribution (~ 7°%) at low tem-
peratures.

What we measure experimentally is heat capacity at constant volume Cp. We used
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Figure 3.13: From Reference.’® Plot of heat capacity of Nickel. It shows different contri-
butions to total heat capacity.

Quantum device PPMS where the relaxation method is the basis of operation to measure
the heat capacity. The set up of the puck is shown in figure [3.14, The PPMS relaxation
calorimeter consists of a 3 mm x3 mm alumina platform attached to a heat sink puck using
eight thin wires. A thin film RuO heater and a temperature sensor (Cernox sensorTM from
Lakeshore Cryotronics) are attached to the back of the platform. The platform has a well
controlled thermal link to a constant temperature heat sink, at temperature 7, through the
eight thin wires. A radiation shield fits over the top of the puck.™®

The basic operation is as follows: A heater current is applied and the thermometer
resistance is recorded at 4ms intervals. The heater voltage is recorded to compute the
heater power. A measurement cycle to measure one data point of heat capacity consists

of a heating period followed by a cooling period. The platform is heated to temperature
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Figure 3.14: From Referencel® Plot of the setup of the puck/sample holder of the com-
mercial PPMS. The heater increases temperate of the sample and thermometer measures
the temperature. The connecting wires act as the only thermal contact with the puck frame
(thermal bath).

T =Ty + 6T and then allowed to relax back to 7. The value §7" of heating can be varied
and is one of the parameters of the measurements. Typically, ’short pulses” technique is
used (all figures below is of measurements done at short pulses), with 67" = 0.5 — 3% of
Ty. For identification of 1st order phase transitions “long pulse” technique is used, with
0T > 50% of Ty. The obtained data on the temperature of sample as a function of time
is fitted by two models to extract information about heat capacity. The fit is made by the
software during the measurement.

Two models were used to fit the raw data and calculate the heat capacity. The simple
model is used if there is a very good contact between the sample and platform and thus,
have the same temperature at any point in time. In the simple model, the temperature T of

the platform as a function of time t is:

CrotdT/dt = —K (T — Tp) + P(t) (3.18)
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When the power input is discontinued, the temperature decay of the platform T(t) can be
described by:

T(t) =Ty + 6Te " (3.19)

where C}4; 18 the total heat capacity of the sample and sample platform; K, is the ther-
mal conductance of the supporting wires; 7} is the temperature of the thermal bath (puck
frame); and P(t) is the power supplied by the heater (P, during heating and zero during
cooling). The solution of this equation is given by exponential functions with a character-
istic time constant 7 equal to Cj,,; /K. 6T should be small so that the thermal conductivity
between platform and heat sink (/) and C',; can be considered T independent.

If thermal contact between sample and platform K is poor such that the condition
Ky >> K is not satisfied, then the two-tau model is used. Temperature decay can be

expressed as two exponential terms:

Chtatform = (dT,)/dt = P(t) — Ky (T,(t) — Tp) + Ky (Ts(t) — Tp(t)) (3.20)
Coample = (dTs)/dt = —Ky(Ty(t) — T,(t)) (3.21)
T(t) =Ty + Ae™"/™ + Be /™ (3.22)

where 71 = Cp /Ky , T2 = Cyampie/ K2; Cpy is the heat capacity of the platform and

54



CHAPTER 3. EXPERIMENTAL METHODS

addenda, [ is the thermal conductivity between the platform and heat sink, /5 is the
thermal conductivity between the sample and the platform, and C),; is the heat capacity
of the sample. However, this model is valid only when the sample coupling, defined as
100 x (K5 /(K7 + K3)) is close to 100. The program uses least-square fitting algorithm to
determine which model fits the data better.

In all models, what is measured is the total heat capacity of the sample plus platform.
However, we are interested in the heat capacity of the sample only. Thus, before measuring
heat capacity of the sample, we measure heat capacity of the platform plus grease (Apizone
N), called addenda heat capacity, and then add the sample and do a second measurement
with the sample mounted on the platform. The PPMS program automatically subtracts the
addenda heat capacity form the total heat capacity to find that of the sample. The amount
of grease should be enough to achieve good thermal contact between the sample and the
platform without constituting too much of the signal. Also, we preferred to have a flat
morphology of the grease to lower the effect of change in heat capacity. This could have
large effect especially that our samples are very small. All heat capacity measurements

were measured in m.J/mole. K.

3.3 Technical Issues

There are many technical issues that can render the data inaccurate measurements of

heat capacity. These were the problems faced during our measurements of heat capacity.
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Reproducibility

Sample coupling

Effect of mass sample mass on measurement error

Selection of measurement parameters

Artifacts due to applied magnetic field

3.3.1 Reproducibility

Our first aim was to reproduce published heat capacity results of x-(ET); Cuy (CN);
and calculate lattice and spinon excitation contribution to confirm that we could get high
quality heat capacity results using the relaxation method on a commercial setup and with
small sample size (mass is 0.38 mg). For each of the newly studied materials we repeated
measurements on a number of crystals to estimate the error in measurements due to elec-
tronics, fits and to investigate and exclude sample dependence. Figure shows two
measurements of the same crystal (x-(ET); Cuy (CN)3) done on the same setup immedi-
ately one after the other. Measurements were done after sample was cooled at 0.5K/min at
zero magnetic field. Both measurements show exactly the same result with the kink at 6 K
found in literature.2Y Also, the measurement could be used to have an estimate of errors due
instrumentation instability at zero field and random errors of heat capacity. The inset shows
that there could be a negligible shift of the kink that could be due to either data sampling or
due to the fact that on cooling the temperature needs more time to stabilize or reach the set
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point. Figure b) is a measure of the x-(ET), Hg(SCN), CI. The blue and red curves
were taken on warming the same sample at the same conditions. The measurements were
taken consecutively. They show no difference and good reproducibility. The inset on the
right is a close up on one data point and rough estimate of the random error is around 10

mJ/mole.K with ideal sample coupling and parameters.

T T T T T T T T T T T T T T T I,J
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Figure 3.15: a) Plot of C}, vs T' of k-(ET)s Cuy (CN)3. The measurements was taken of
the same sample at the McQueen lab at zero field and cooled at 0.5 K/min. Two curves
(blue and green) show a kink at 6 K that is detected in Ref*? The blue curve is taken on
warming, the green curse is data taken on cooling. The inset is a closeup at the kink. b)
Plot of k-(ET), Hg(SCN), Cl. The blue and red curves are two measurements done at the
same instrument with same sample under zero field. The inset on the right is a closeup on
data points to have an estimate of random errors (around 10 mJ/mole.K). The inset on the
left is a plot of C,,/T® vs T of the same measurements. It shows that even at very specific
features, the data is very reproducible.

We also checked reproducibility by comparing measurements done with the same sam-
ple but different addendas under the same conditions (same field and cooling rate). This
introduced a larger error that could be attributed to features that are sample dependent, or

sample coupling or measurement parameters, or setup dependent if different instruments
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were used. Fig. a) Is a plot, C,,/T vs T, of two measurements done at IQM PPMS
with the same of x-(ET); Hg(SCN), Cl with mass 1.11 mg. The measurements were taken
with different addenda (i.e sample remounted). The result are reproducible with larger er-
rors at phase transitions. The large error at phase transitions could be due to instability of
the system or less favorable parameters or bad sample coupling; all are discussed below.

Fig. b) is a comparison between two measurement of two samples of x-(ET)
Hg(SCN), Br; two samples of masses 0.8 mg (blue curve) and 0.6 mg (black curve)
were measured on the same setup (IQM PPMS). Both samples were zero field cooled at
0.5K/min. The figure is a plot of C},/T" vs T at 0 Tesla; no factor was multiplied to either
measurements to superimpose on each other. There is a pronounced difference between
both measurements in the temperature range 15K to 35K. Looking closely at the parameters
of the measurements, it looks like the first measurement (blue curve) has worse values for
the ”sample coupling” than that of the second measurement which could be cause for such
difference. Also, The first measurement has a pronounced instability of values manifested
in the zigzag shape of data points where the first measurements gives a vastly different
values from subsequent repetitions of one data point, see inset.

Figure[3.16|c) is a plot two measurements of different samples of x-(ET), Hg(SCN), Cl;
The first measurement, blue curve, was taken for a sample of mass 0.56 mg and was cooled
in zero field at 0.5 K/min at the McQueen PPMS. The second measurement, green curve,
was taken of a sample of mass 1.11 mg at the IQM PPMS and was cooled at 1K/min from

RT to 85 K and from 65K to 2K, and at 0.5K from 85K to 65K. The plot is of C},/T" vs T'.
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There is good reproducibility until around 25K where the quality of the first measurement
(blue) starts to deteriorate. The inset is a plot of C,,/T? vs T because this features shows
changes and differences that needs to be studied. The red curve is just the green curve
multiplied by a factor of 1.05 to superimpose it on the data taken at McQueen PPMS.
A comparison between the blue curve (McQueen PPMS data) and the red curve (IQM
PPMS data) shows that there is a slight difference at temperatures less than 8K. However,
such difference can’t be attributed to true behavior because a comparison between cooling
rates in chapter 6 shows no difference in that region. In conclusion, comparing different
measurements (after accounting for mass error by multiplying by a factor) of the same
sample whether taken at same or different setups, or with same or different parameters will
in general give good reproducibility of general features but wouldn’t be useful for detecting

very small features.

3.3.2 Sample Coupling

Sample coupling was one of the most important parameters to watch while taking the
measurement and the most challenging source of problems. The poor coupling will af-
fect the the fitting of data points and subsequently the heat capacity value. Poor thermal
coupling could be due to poor mounting of sample or a problem with the sample reaching
thermal equilibrium in short time compared to measurement time. Fitting difficulties can
also arise when the heat capacity of the sample is not large compared to the platform and

this could explain the problems taking place at higher temperature where the sample heat
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Figure 3.16: a) Plot, C,,/T" vs T', of two measurements done at IQM PPMS with the same
of k-(ET), Hg(SCN), Cl sample with mass 1.11 mg. The second measurement (red) was re-
scaled. The inset is a close up of the phase transition at 30K. b) A plot of C, /T vs T" of two
different x-(ET), Hg(SCN), Br samples. The inset is the raw data of the two measurements
before removing the noisy data. c) Plot, C},/T vs T, of two measurements of two different
samples of k-(ET), Hg(SCN), Cl. One of the measurements was taken at McQueen PPMS
(date June 2016) and the other at the IQM PPMS (May 2017), at zero field. First sample
was cooled at 0.5 K/min, the data was re-scaled (x 0.95). Second sample was cooled at
0.5K/min in the temperature range 85K to 65K and at 1K/min at other temperatures. The
inset is a plot of C,,/T? vs T of the feature at around 8K. The comparison shows slight
changes at temperatures lower than 8K.

capacity percentage is less than 10%. Generally, 100% is considered perfect coupling and
anything less than 90% is considered poor sample coupling. It was difficult to achieve good
sample coupling because we are restricted with the amount of Apieson N grease. We didn’t
want the addenda to contribute to the bulk of the signal (even though that was always the
case due to the very small size). Also, the samples are fragile and so we couldn’t press it
hard on grease. In addition to that, we didn’t want to change the morphology of the grease
to a flatter shape that could greatly affect the addenda and as a result introduce features that
could be mistaken for true behavior. Generally, it was noticed that multiple flat pieces of
a sample is much better than bulky ones because they have better coupling and faster to

reach thermal equilibrium.
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During the measurement, the software calculates sample coupling as one of the param-
eters. If the coupling values are bouncing around in synchronization with whether it fits it
with 1 tau or 2 taus models, then the sample has borderline poor sample coupling. Sample
coupling can be tested at room temperature or temperatures higher than the range of inter-
est before the measurement starts. We tested and compared coupling at 260 K and 10 K.
Even though the coupling was 100 at the temperatures tested, it was not enough to verify
good coupling. A good strategy would be measuring few temperatures to have a better
idea on the noise to signal ratio. Fig. a) is a plot of C},/T vs temperature; it shows
a comparison between good and poor quality of data. The blue curve shows the measure-
ment of a sample of k-(ET), Hg(SCN), CI with mass 0.56 mg. The green curve shows the
heat capacity of a sample of x-(ET); Hg(SCN), Cl with mass 1.11 mg. The quality of the
blue curve is much worse (larger noise) at temperatures above 20K. One of the reasons that
could account to such bad quality is poor coupling (in addition to smaller mass and less
data points). Fig. [3.17]b) and c) are plots of the sample coupling , time constants tau 1 and
tau 2 of the first measurement shown in green curve and second measurement in blue curve.
Even though the sample coupling of the first measurement (green curve in fig a) goes to
lower values at high temperatures (to around 80%) than that of the second measurement
(blue curve in figure a) that doesn’t go lower than 90%, the quality of the measurement is

much better.
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Figure 3.17: Plot of C},/T vs T of two different measurements of x-(ET), Hg(SCN), CL.
One of the measurements was taken at McQueen PPMS (date June 2016), blue curve, and
the other at the IQM PPMS (May 2017), green curve, at zero field. First sample was cooled
at 0.5 K/min. Second sample was cooled at 0.5K/min in the temperature range 85K to 65K
and at 1K/min at other temperatures. b) A plot of fit parameters ,7; and 75, and the sample
coupling of the data taken at IQM PPMS, green curve in plot a). ¢) A plot of fit parameters
,71 and 73, and the sample coupling of the data taken at McQueen PPMS, blue curve in plot

a)
3.3.3 Effect of sample mass on measurements error

We mostly worked with very small samples because organic conductors crystals gen-
erally have masses less than 1 mg. There are two effects associated with small sample

mass:
e Heat capacity of the sample is a small percentage of the total heat capacity measured.
e Error bar on the measurement of the mass itself is relatively large.

Because the heat capacity measured by the instrument is the total heat capacity of the
sample plus the sample holder (called addenda), small sample mass means that the relative
heat capacity value with respect to the total heat capacity is very small. Fig. [3.18 shows

the sample heat capacity percentage (sample heat capacity/Total heat capacity) of different

62



CHAPTER 3. EXPERIMENTAL METHODS

measurements. As shown the value is not constant; the general behavior with organic
samples was that the percentage was highest in the temperature range T=10K to T=30K.
Generally, the sample heat capacity rarely reaches 70% with much smaller contribution at
higher temperature. At higher temperatures the sample heat capacity is less than 10 percent
of the total heat capacity with the remaining 90 percent due to addenda. Random errors
in addenda will have significant effect on the quality of the sample heat capacity if the
fractional heat capacity is small relative to the total heat capacity. That means that random
errors are going to dominate and thus, we cannot see any weak features. This could explain
the higher noise at higher temperatures. The system will be more tolerant of poor coupling
when the sample is a larger fraction of the total heat capacity.

The heat capacity error calculated by the program is a combination of the random er-
ror due to fitting accuracy and error due to inaccuracy in mass measurement. The latter
overwhelms the total error and could be exaggerating the error. Fig[3.18]b) is a plot of C,,
vs T' of raw data of two different measurements of xk-(ET), Cus (CN)3 cooled at 0.5K/min
(red curve) and 0.1 K/min (blue curve). The green curve is a representation of the same
measurement shown by red curve but multiplied by by a factor 1.17. That proves that that
the large difference between the red and blue curve is due to error in mass measurements
that could be compensated for by multiplying the data by a constant factor. Generally the
measurement with the smallest mass (0.2 mg) required to be multiplied by the largest factor
(x 1.17) showing that an error in mass could be as large as 20%. The inset shows the same

figure but with error bars; the two curves agree within error bars. As mentioned earlier
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the error bars are partly due to error in mass measurements which could reach 20%; there-

fore, by multiplying a measurements by a constant factor we managed to compare different

measurements.
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Figure 3.18: a) Plot of percentage of sample heat capacity relative to total heat capac-
ity: Sample heat capacity/Total heat capacity x100 of x-(ET); Cuy (CN)s and k-(ET),
Hg(SCN), Br. The sample masses were 0.3 mg and 0.92 mg. The samples were cooled at
0.1 K/min at zero field. b) Comparison between two measurements of x-(ET)y Cuy (CN)3;
red curve is a measurement of a sample of mass 0.38 mg measured in 2015 in McQueen
PPMS and cooled at 0.5 K/min. The blue curve is a measurement of a sample of mass 0.2
mg measured in 2016 in IQM PPMS and cooled at 0.1 K/min. The green curve is the 2015
measurement but re-scaled by a factor of 1.17. The inset shows the same measurements but
with error bars to show the significant contribution of mass error to error bars. The original
data (not re-scaled) agree within the error bars.

3.3.4 Selection of measurement parameters

There are few parameters that could be changed to improve quality of the data, some

are:

e Number of data points; that determines the resolution. if fine features or phase transi-
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tions are expected to seen at a certain temperature, it is imperative to take many data

points.

e The temperature rise; this could be set in terms of temperature percentage (for exam-
ple 5% of the current temperature) or in terms of absolute temperature (for example
5 K). Generally, it is better to follow recommended values. It could be that higher

values are better for features like phase transitions, see Fig. [3.20]

e Time of measurements; i.e the time it takes for the heating and cooling cycles in
terms of time constant. Also, it is better to follow recommended values. No need for

any values longer than 3 tau.

It seems that at phase transitions the measurement parameters are important for the quality
of data. Figure [3.20] shows two sets of measurements of the phase transition of the same
sample of xk-(ET); Hg(SCN); Cl (mass 0.93 mg) at 30 K. The measurements were done
on the same setup (IQM PPMS) and same addenda (no remounting). The 2nd cooling
cycle was measured by heating the sample to 2% of the temperature while the first set was
measured by heating to 1% of the temperature. Also, more data points were taken which
I think had more effect to get high resolution data. If the temperature rise values were
chosen very high ( more than 5% or 2K), the data fit by the program would be inaccurate
and values given for capacity heat would be inaccurate. We used very high temperature
rise (over 5K) to do long pulse measurement. The commercial software is not appropriate

to fit such data to produce heat capacity data. So there are two uses for such data:
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e First, to check for first order phase transition; we use the raw data which is a plot of
temperatures against time to look at the pattern of the heating cycle and cooling cycle
in the temperature range of interest. If first order transition takes place in the temper-
ature range, signatures of latent heat should be seen in the heating and cooling cycles.
Fig. [3.22]shows the difference between two hypothetical long pulse measurements,
the figure on the left is what is expected if no first order phase transition is taking
place. The figure on the right shows that first order phase transition takes place at
the time when the heater is on but the temperature is not rising with time. Same is
happening in the cooling cycle. This is because heat is absorbed as latent heat in first

order phase transition rather than in raising the temperature of the sample.

e Second, to take measurements similar to short pulse measurements but with faster
and better results, the raw data have to be processed by a new program introduced in

ref 12

3.3.5 Artifacts due to applied magnetic field

Figure shows the addenda under different fields. The plot is of C,,/T" vs T because
that is the feature that showed the most change with field while measuring samples. We
wanted to check if it is a real feature or an artifact. It is expected to have a magnetic field
effect on the addenda but the effect should not be as large. Also, it was interesting that the

maximum effect is in the same temperature range (3K to 10 K) that we observe a change
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in the heat capacity of the sample. This makes us suspect that the effect could be due to the
addenda even though the addenda effect should have been subtracted in theory. However,
the change in the morphology of the addenda changes its value, and even though extreme
care was taken to not change grease morphology when we mounted the sample, there could
be slight change that isn’t entirely subtracted. The effect could be further magnified by the
fact that heat capacity of samples were consistently much smaller than that of addenda .

In conclusion, measuring heat capacity of organic conductors is tricky because they
generally have very small masses. As a result of the presented tests and other recommen-

19140 1

dation from literature, summarize the following recommendations for heat capacity

measurements of organic insulator samples using Quantum Design PPMS:

e Sample should be measured at room temperature to make sure it is well mounted and

produces good results at high temperature before cooling down.

e Addenda measurements should be done at zero field before turning on the field.

e Most problems are due to either the sample is too small or is poorly coupled to the
platform. Because our samples are generally very small on the limit of what could

be measured in this setup, many measurements suffered from low quality data.

e Too much grease may produce a poor measurement of the addenda resulting in an
inaccurate sample heat capacity measurement. The grease used depends on the sam-
ples size and geometry; the grease should be spread out in a thin layer over the area

that would be in contact with the sample. Also, samples should be mounted with care
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to insure that the amount of grease doesn’t change.
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Figure 3.19: a) Plot of C, vs T" of k-(ET)2 Hg(SCN), Br cooled at 0.5K/min in zero
field. All measurements were done on the same sample, same addenda and setup at IQM
PPMS. The measurements were done consequently of different temperature ranges. The
data shows instability due to unknown reasons ( I think mainly change in temp rise param-
eter). The inset is another measurement of x-(ET); Hg(SCN), cooled at 0.5K/min in zero
field. All measurements were done on the same sample, same addenda and setup at IQM.
The three measurement were done consequentially at different temperature ranges. The
major difference in the quality of the measurement could be due parameters used. b) The
plot of C), vs T" of k-(ET); Hg(SCN), Br is a comparison between two different measure-
ments done on different samples. It is obvious the lack of instability and irreproducibility
of some of the features (jumps) that could be attributed to either poor sample coupling or
poor choice of parameters. (However, the jump in the blue curve at around 65 K was de-
tected in another measurement of the same material at 0.1K/min and 0.5 K/min but at a
much smaller scale, the jump at 120 K was not seen in any other measurement). c) Plot of
C,/T vs T of the phase transition of x-(ET), Hg(SCN), CI at 30 K. The plot of raw data
to show huge difference between the heat capacity value of the first point and subsequent
measurement of the same data point. The inset shows the same plot after the first point was
removed.
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Figure 3.20: a) Plot of C}, vs T" of the phase transition of x-(ET), Hg(SCN), Cl at 30 K. It
compares two different cooling cycles; both measured the same sample with same addenda
(was not remounted) on same setup (IQM PPMS) cooled at 10 K/min in zero field. The only
difference is the measurements parameters. b) Plot of C,/T" vs T of the phase transition of
k-(ET)2 Hg(SCN), Cl at 30 K.
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Figure 3.21: Plot of Cpvs T of k-(ET), Hg(SCN), Cl. Same as figure above but without
subtracting the first point
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Figure 3.22: a) A plot of temperature vs time stamp of the raw data that is later fitted to
produce heat capacity values. This figure shows the hypothetical shape of the plot in case
of first order phase transition. b) Plot of temperature vs time stamp of x-(ET)2 Hg(SCN)
Br in the temperature range 70 K-to 120 K to test for first order phase transition.
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Figure 3.23: Plot of C,,/T?vs T of addenda with and without field. The effect of the field
is pronounced.

71



Chapter 4

Study of the ground state of ~-Hg-Br

4.1 Introduction

Recently a number of groups have shown theoretically how fluctuating dipolar degree
of freedom can appear in molecular-based Mott insulators, and lead to a spin liquid state
in presence of charge-spin coupling. Among suggested model systems are quasi-two-
dimensional BEDT-TTF molecule-based Mott insulators®*! and optical lattices of dipolar
molecules.*” In quantum paraelectrics fluctuations of electric dipoles are observed in the
vicinity of a ferroelectric transition.** A quantum dipole liquid in an antiferroelectric on a
triangular lattice was recently reported for BaFe;,0,9,** but it is a band insulator and thus
non-magnetic. A quantum dipole liquid in a Mott insulator is a new paradigm for quantum
states of matter which brings together quantum paraelectrics and spin liquids.

In this work we discuss a new experimental realization of the quantum dipole liquid
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state in a layered organic crystal k-(BEDT-TTF),;Hg(SCN),Br based on molecule BEDT-
TTF ﬂ It is a Mott insulator, and in a presence of charge-spin coupling may be a new spin
liquid candidate. Electronic and magnetic phenomena observed in this class of materials
are defined by the properties of the molecular-based cation layers (Figi4.1|a). In a Mott in-
sulator of this origin, electrons are localized on lattice sites of dimers (BEDT-TTF);"' with
S=1/2 per site. These dimer sites form layers which can be represented by two-dimensional
anisotropic triangular lattice (see Fig. .| c). In most of such compounds the dimers have
an inversion center and thus zero electric dipole moment. Frustration of the lattice, com-
peting electronic correlations and magnetic interactions can lead to charge distributed non-
symmetrically between the two molecules in a dimer,®2! producing a dipole. This can
lead to a broken symmetry ground state, so called “paired electron solid?! or “quantum
dipole solid*® where the dipoles order forming a ferroelectric state (Fig d)*! In con-
trast to a displacive ferroelectric, a change in the underlying lattice is not necessary in this
case. It was suggested,® that dipoles can fluctuate in a quantum dipole liquid (Fig e)
and be an explanation of the spin liquid state observed in a triangular lattice xk-(BEDT-
TTF),Cuy(CN);3. However, the evidence for fluctuating quantum dipoles in this material
remains elusive #4

Here we elucidate properties of the quantum dipole liquid state in a triangular lattice
Mott insulator32 (Figlt.1]b) x-(BEDT-TTF);Hg(SCN),Br (x-Hg-Br) (T;= 80 KI%47) by

a comparison to an isostructural compound x-(BEDT-TTF);Hg(SCN),Cl (x-Hg-CI) which

Ibis(ethylenedithio)tetrathiafulvalene
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Figure 4.1: (a) Schematic structure of BEDT-TTF based crystal, in the BEDT-TTF-based
cation layer the molecule is highlighted in red; (b) Structure of BEDT-TTF layer in (bc)
plane of k-Hg-Cl crystal as determined from X-ray diffraction!' BEDT-TTF molecules are
bound in dimers as highlighted by circles. These dimer sites form anisotropic triangular lat-
tice. (c¢) Schematic structure of BEDT-TTF layer in a dimer Mott insulator on an anisotropic
triangular lattice formed by (BEDT-TTF)J ' sites with S=1/2 (spins depicted by green ar-
rows) and magnetic exchange between sites .J,; and J},. The model is relevant to the spin
liquid candidate x-(BEDT-TTF)3Cuy(CN)3 with Jy,/J ]’V[=0.64.2 (d) Schematic structure of
BEDT-TTF layer in case of dipole solid (paired electron crystal?’). Within (BEDT-TTF);*
dimer sites charge-rich and charge-poor molecules are denoted by red and blue colour re-
spectively. The dimer sites thus possess a dipole moment. Jp¢ is a magnetic interaction
between spins (marked by green arrows) on neighboring charge-rich molecules. Accord-
ing to Ref?!' spins of the nearest neighbor charge-rich sites will form spin-singlets. This
situation is related to x-Hg-Cl. (e) Schematic structure of BEDT-TTF layer in case of the
quantum dipole liquid. The charge is fluctuating between the molecules in (BEDT-TTF);*
dimers, as denoted by blurry red and blue ovals, leading to electric dipoles fluctuation.
Relevant spins also show fluctuations. This situation is related to x-Hg-Br.

shows signatures of a quantum dipole solid below 30 K ! and suggest what parameter

may control their ground state.
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4.2 Results: Raman scattering data

4.2.1 Raman Spectra of Vibrational Modes

We first use Raman molecular vibrational spectroscopy to follow the distribution of
charge on the lattice of these systems through the metal-insulator transition. The on-
molecule charge is probed by measuring the frequency of the central C=C molecular bond
vibration (v ) (Fig e), which changes by ~ -140 cm™! when the charge state changes
from (BEDT-TTF)" to (BEDT-TTF)*! 138 This is a result of a lengthening of the central
C=C bond of the molecule when more charge occupy the highest occupied molecular or-
bital (HOMO). To emphasize the changes due to charge effects we also follow the temper-
ature dependence of the 3 mode at 1470 cm~ (Fig. 2) which involves C=C deformations
but is known not to be coupled to the HOMO. It stays a narrow single line through the
measured temperature range for both materials.

For k-Hg-Cl a single 1, band at about 1490 cm ™!

is observed in the high temperature
metallic state, while in the insulating state below 7-o=30 K v is split into two bands at
1475 and 1507 cm~!(see Fig a). The difference in frequencies of the two modes is
much higher than expected for a structural phase transition, but corresponds to charges
redistributed within the (BEDT—TTF)QF ! dimer as 4+0.4¢ on one molecule, and +0.6¢ on
the other ™13/ which breaks the inversion symmetry in a (BEDT-TTF);' dimer creating an

electric dipole. This result confirms that the ground state of xk-Hg-Cl is an order of electric

dipoles localized on (BEDT-TTF); ! dimer sites ! so-called dipole solid
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In contrast, for k-Hg-Br a single 5 mode observed in the whole studied tempera-
ture range suggests a symmetric dimer with both molecules carrying half a hole (BEDT-
TTF)™%? on average. However, the width of v, band shows abnormal behaviour on cool-
ing. Line widths of phonons are determined by decay mechanism,*® disorder and dynamics
of the lattice and charge system. For example, a width of 3 vibrational band of BEDT-
TTF molecule is determined by decay processes into lower-frequency modes and decreases
down to about 5 cm~! at 10 K (see Fig d). In contrast, the width of v, goes through
a minimum of 16 cm™*! at around 80 K, and increases again up to 20 cm~! at 10 K (see
Figld.2]c,d). This behaviour of 1, band excludes possibility of structural changes or struc-
tural disorder as its origin. Another possible reason for an increased line width which we
will consider is charge fluctuations 124

In the spectra of of k-Hg-Br v, mode hardens on cooling similar to x-Hg-Cl. At tem-
peratures between 150 and 100 K we observe a small change of a slope of the temperature
dependence of the position of the 1, mode. This change occurs still in the metallic state "
The change is close to the size of an error with which we determine parameters of the
bands. Here the size of triangle/rhombs with which the data are plotted depict the size
of the error bars. A similar change of a hardening slope was also noted, for example,
for k-(BEDT-TTF),Cu[N(CN),|Br in Ref>" A reason for the small change of hardening
behaviour could be the following (i) As mentioned in Ref.* hardening depends on the
compression of the lattice, thus changes in the latter can define it. At this point no such

precise temperature dependence of the crystal structure has been measured. (ii) While there
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is a good understanding of the dependence of the frequency of 1, mode on the charge dis-
tribution on the lattice in the insulating state, at this point it is not clear how this frequency
would change due to interactions of this phonon with itinerant electrons. These interactions
can be a reason for the change of behaviour.

We used Eq. 1 to reproduce v line shapes for low temperature x-Hg-Cl and ~-Hg-Br
and also some line shapes which are not present in experimental data, however illustrate the
evolution of the line shape in the “two-sites jump model”. The results of our calculations
are presented in Figl4.2b. Parameters for which the calculations are done are listed in the
Table 4.1.

In Fig[4.4a we present temperature dependence of parameters of v/; and charge-sensitive
vy vibrations for k-Hg-Cl. v3 band shows normal hardening on cooling and a decrease of
the width, with the temperature dependence coinciding with that for x-Hg-Br. If no cou-
pling to electronic or magnetic excitations is present, the main process which defines re-
laxation of a phonon excited state is scattering on lower frequency phonons with frequency
denoted here wy. Respectively, a decrease of a line width of a phonon on cooling is deter-
mined by a thermal population of the phonon levels wy involved in the scattering process:
NT)=Tog+ a(elfﬁ% —1)7!, where Ty is temperature-independent scattering rate defined
by disorder, and « is a probability of the decay.***% A decrease of the width of v is de-

1

scribed well by this formula with wy=150 cm™", which suggest the most probable decay

processes. Our results coincide with that for x-(BEDT-TTF),Cu[N(CN),]Br in Ref>"

The width of the charge-sensitive v, in the spectra of k-Hg-Cl decreases below that of
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Figure 4.2: (a)-(c) Raman spectra in the region of C=C vibrations of BEDT-TTF: (a)
Temperature dependence of the k-Hg-Cl spectra in the region of 15 and v3 modes. Note
the splitting of 5 mode in the dipole solid (charge ordered) state at 8 K with frequencies
corresponding to BEDT-TTF%* and BEDT-TTF+%¢. (b) Shape of v, mode calculated by
two-sites jump model, see Eq. [3.12] (SI). The upper spectrum is of a static system (w.,)
with bands corresponding to BEDT-TTF™%4 and BEDT-TTF+%¢ as in dipole solid state
of k-Hg-Cl. Note that on the increase of exchange frequency w,, the bands widen and
move close to each other. The lower two spectra at w,,= 30 and 40 cm™! reproduce the
vy shape of xk-Hg-Br at 8 and 35 K correspondingly, taking into account the natural width
I" for the relevant temperature. (c) Temperature dependence of the x-Hg-Br spectra in the
region of v5 and v3 modes. Note that the 1, band does not split but shows some widening at
lowest temperature. (d) Temperature dependence of centerfrequency (upper panel) and line
width (lower panel) for v5 (triangulares) and v3 (diamonds) modes for x-Hg-Br. Note that
line width of v, for k-Hg-Br goes through a minimum at around 75 K, while it decreases
continuously for 3. (¢) BEDT-TTF molecule with marked movements of atoms on v, and
v vibration.

x-Hg-Br on cooling down to approximately 40 K, and then shows a weak increase till the
compound reaches the ordering transition at 30 K, and decreases again below the transition

as expected in the ordered state.
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4.2.2 Low-frequency Raman spectra of ~-Hg-Br and ~-

Hg-Cl

In Fig. #.2)and 4.4 we present temperature dependence of the Raman scattering spectra
for k-Hg-Br and x-Hg-Cl compounds for A, and By, symmetry in the spectral region
between 25 and 400 cm™'. It shows that (i) Similar to A, for k-Hg-Br, the background

feature due to the collective mode at about 40 cm™!

appears also in spectra of x-Hg-Br
in By, symmetry channel. (ii) The low frequency phonons in x-Hg-Br B, spectra remain
broad, which can be explained by an interaction of these phonons with the collective mode.
This is in contrast with spectra of k-Hg-Cl and x-Hg-Br in A, polarization, where at low
frequencies narrow phonon modes are superimposed on the collective mode background.
(i11) Some drop of intensity in k-Hg-Cl spectra between 35 and 7 K is due to an opening of
a gap due to an ordering transition.

Polarization dependence is an important way to characterize excitations observed in
Raman scattering.*® For D, symmetry a clear separation of Ay (@412, By (2 —9y?), and
By, (zy) polarization is expected for electronic and magnetic excitations. Spectra of some
materials can be mapped on D4, symmetry and understood within it even if the symmetry
of the unit cell is lower. A good example is the antiferromagnetically ordered organic
compound x-(BEDT-TTF),Cu[N(CN),]Cl, where in a monoclinic unit cell (BEDT—TTF)QH

dimers form a weakly frustrated square lattice, and two-magnon Raman excitations in that

material follow the symmetry selection rules expected for Dyy,.
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In the materials studied in this work, the symmetry of the unit cell is monoclinic as
well, however it was shown! that the (BEDT-TTF); ' dimers in (bc) plane form slightly
anisotropic triangular lattice. For Dg;, point group Raman-active symmetries cannot be
fully separated by selecting polarizations. It was shown by numerical calculations, too,
that magnetic excitations on a triangular lattice loose their anisotropy between A;, and
By, /25l a similar charge is expected for electronic excitations. This explains the presence
of the collective mode in spectra of k-Hg-Br in Ay, By, (zy), and 2* — y* which would
exist as Bog only in Dyj,.

On the other hand, polarization dependence of phonons follows the full symmetry of
the lattice. Our experimental data suggest that the coupling to the collective mode is larger
for By, phonons than for A;,. This fact can be a realization of the expected anisotropy of

the electronic excitation.

4.3 Analysis and Discussion

We estimate the effects of charge fluctuations on the shape of the v, vibration using

“two- site jump” model>®

presented by Eq. 1. In this model, we consider 4-0.6e and
+0.4e charged molecules observed in the ordered state of k-Hg-Cl as two static species.
They are characterized by frequencies of v, vibrations vo[BEDT-TTF%4] = 1475 cm~!and

1o[BEDT-TTF*%6]= 1507 cm~!. Their natural width I" depends on temperature through

the lifetime of the measured excited state and is expected to be the same as that of v3. The
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system can jump between these two states with a frequency of wgx=1/7, where 7 is a life
time of each state defined by the exchange. As an exchange rate wgx between these two
states increases, the shape of the resulting spectra changes as shown in Figld.2c. The two
original bands get wider, move together and at high enough rate wpy merge into single
band. The calculated spectrum at wgx= 0 reproduces the doublet shape of v, for ~-Hg-
Clat 85K (Fig a,b). The spectra calculated for wrpx = 40 and 30 cm™! reproduce
the shape of the v, band in k-Hg-Br spectra, where the width of v; increases from 16 to
20 cm~! on cooling below 80 K and the band gains slight asymmetry (Fig b,c). These
results suggest that in x-Hg-Br charges fluctuate between two molecules in a dimer with
frequency wgx which slightly decreases on cooling. In other words, electric dipoles in
r-Hg-Br fluctuate with this frequency, forming a quantum dipole liquid state.

Apart from the difference in the v, band behaviour, the phonon Raman spectra of -
Hg-Br and x-Hg-Cl are very similar (Figlt.3] a,b.e), since the compounds possess very

similar crystal structural. On cooling, all the bands narrow down to 5-7 cm™!

, including
the low frequency lattice phonons, which are well distinguished in low temperature spec-
tra in Fig a,b below approximately 100 cm™*. In the spectra of x-Hg-Br the somewhat
widened by few wavenumbers phonons, some of them demonstrating so-called Fano shape,
are superimposed on a much wider background band observed in A;, and B, symmetries
(see Aj, symmetry spectra in Fig[4.3] B1, symmetry in Fig. SI'). This asymmetric feature

with a maximum around 40 cm™? (see spectra with phonons extracted in Fig ¢) with

the width at half maximum of about 40 cm~! gains intensity below 100 K, when x-Hg-Br
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enters the insulating state, and shows weak softening at the lowest temperature. Apparently,
this wide feature observed only in xk-Hg-Br spectra originates from a different scattering
channel than phonons. Potential other scattering channels are electronic or magnetic excita-
tions on a triangular lattice of (BEDT-TTF)," dimers. On a triangular lattice polarizations
of electronic or magnetic excitations cannot be completely disentangled to elucidate the
origin of the excitations, in contrast to a square lattice .8

Magnetic excitations are expected in the Raman response of a Mott insulator with or-
dered spins or even spins developing short range correlations 19575852 Tn Mott insulators
based on (BEDT-TTF); ! dimers magnetic excitations are observed both in Raman spectra
of an antiferromagnetically ordered state on a square lattice®” and in a spin liquid candidate
on triangular lattice k-(BEDT-TTF);Cuy(CN); (see Figid.3] e). The spectra of the latter

show a continuum of magnetic excitations below 600 cm™*

, as marked in the spectra in
Fig 3 e by a shaded area. The position of the continuum is defined by the value of J and
geometry of the lattice*® For x-(BEDT-TTF),Cu,(CN); it is in agreement with Hubbard-
model-based calculations for the magnetic response of S=1/2 on a anisotropic triangular
lattice with J,,=250 K1

It is clear at this point, that magnetic interactions in a dipole solid, and possibly quan-
tum dipole liquid would be re-normalized in comparison to a simple (BEDT-TTF)] ' dimer
Mott insulator with charge symmetrically distributed on a dimer. Ref® suggests a re-

normalization and a decrease of J in a quantum dipole liquid compared to a simple dimer

Mott insulator, however without estimating J values. A simple argument suggests that in a
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dipole solid magnetic interactions occur between charge-rich molecules of the neighboring
dimers, while in a simple Mott insulator the interactions are between dimer lattice sites, as

is schematically shown in Fig/f.3]e. An estimate provided by a tight-binding approxima-

a?
U 9

tion as J = where ¢ is a transfer integral, and U is on-molecule Coulomb repulsion,
yields the value of about Jpg = 80 K for a dipole solid, considerably smaller compared to
Jy = 250 K %? for a simple dimer Mott insulator, where the on-dimer U defines magnetic
interactions. Here the Coulomb repulsion parameters, as well as transfer integrals are esti-
mated from the optical conductivity spectra,”? and the difference is produced mainly by a
variation between the values of U in these two models. Lower J would result in a lower
ordering temperature, and a spectrum of magnetic excitation shifting to lower frequencies.

1'js found below

However, the maximum of the observed background is around 40 cm™
the expectant Jpg value, which is too low in frequency below the expected Jpg value to
interpret it as purely magnetic excitations.

Another possibility is an assignment of this mode as a collective excitation associated
with dipole fluctuations. Dipole fluctuations with frequency of about wgy = 40 cm™! are
detected through the line shape analysis of charge-sensitive vibrations. If these fluctuations
are a collective phenomena, we would expect a collective mode at about 40 cm ™!, The low-
frequency mode observed in x-Hg-Br thus is a good candidate for a collective response of
dipole fluctuations. Optically detected collective modes associated with charge fluctuations
are found in the metallic state close to a charge ordering metal-insulator transition in or-

54[55

ganic conductors and in under-doped high temperature cuprate superconductors>® In
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an insulating state, the closest analogy would be a soft mode close to the transition into the
ferroelectric state in displacive ferroelectrics such as SrTiOs. To the best of our knowledge
a collective mode due to fluctuations of electric dipoles in a Mott insulator is observed by
ground state spectroscopy for the first time here. A comparatively small width of the band,
as well as it increase in intensity and low-frequency shift below T,;;=80 K distinguishes
it from a Boson peak observed in glasses®” and supports an interpretation in terms of a
fluctuating system of dipoles versus charge glass. An absence of glassy behavior is also
supported by low frequency dielectric response of x-Hg-Br 1

Fluctuations of electric dipoles coupled to S=1/2 spins on a triangular lattice of (BEDT-
TTF);' dimers have been suggested as a mechanism for spin-liquid behaviour®4! Ref*!
discusses the coupling between the dipole and magnetic degrees of freedom within the
Kugel-Khomskii model, showing an analogy between the fluctuating dipole liquid and
orbital liquid.*°® This model suggests that at a certain frustration J*/J and spin-charge
coupling K values, spin order in a system is destabilized, and would produce mixed spin-
charge excitations. To understand if the collective mode observed by us in x-Hg-Br origi-
nates purely in dipole fluctuations or in mixed charge-spin excitations theoretical calcula-
tions of the excitation spectrum for such a system would be of great importance.

Our heat capacity data suggest the presence itinerant excitations in k-Hg-Br but not in
x-Hg-Cl. The heat capacity C, of x-Hg-Br and x-Hg-Cl was measured in the temperature
range between 40 K and 100 pK. The temperature dependence of heat capacity for these

compounds is overlapping within the error of the measurements in the temperature range
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above 6 K (Figld.3| d), but for the feature at 30 K in the temperature dependence for the
C, of k-Hg-Cl indicating the charge order transition. The heat capacity C, = 1° + T
of both compounds shows basically same bosonic contribution 3 = 19.0 £ 2.5 mJ K4
mol~!. This is natural, since it is determined predominantly by phonons and vibrations of
BEDT-TTF molecules which are very similar for the studied compounds. The difference
between the two materials appears below about 6 K, where for xk-Hg-Br C,, shows a linear
term v = 13.8 4+ 3.1m.J K ~2mol~* (inset in Figl4.3| d). Spinon excitations can produce the

2059 and thus suggest a spin-liquid behaviour of x-Hg-Br. For

linear term in heat capacity
k-Hg-Cl ~= 0 within the precision of our measurements.

An order of electric dipoles represented by x-Hg-Cl does not necessary imply magnetic
order.® However, an approach of Ref/*!' which includes antiferromagnetic interactions as
a driving force for the charge order on a frustrated dimer lattice suggests a spin singlet
ground state. A single phase transition observed at 30 K can be an evidence of simulta-
neous electric dipole ordering and singlet formation in xk-Hg-Cl. On the other hand, the
temperature of spin ordering can be lower than that of the charge order, as is observed in
one-dimensional materials, and suggested by calculations®? Since heat capacity is found
not to be always sensitive to magnetic phase transitions in these two-dimensional materi-
als, see for example,®! further studies such as NMR are necessary to identify the magnetic
ground state of x-Hg-Cl. Paired electron crystal proposed as a ground state of x-Hg-CI

can be regarded as a variation of valence bond solid#2! In these terms, the quantum dipole

liquid in x-Hg-Br can be a realization of a resonant valence bond state >
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The quantum dipole liquid was suggested as one possible explanation of the origin of
the spin liquid state in x-(BEDT-TTF),Cus(CN)3,® however our work shows that this mate-
rial does not demonstrate the fingerprints of this state. Its spectrum of magnetic excitations
is well understood within a model of spin 1/2 on a triangular lattice with J=250 K (Fig4.3|
, Ref 1), There is a recent suggestion® that x-(BEDT-TTF),Cu,(CN)3 experiences a low-
ering of magnetic dimensionality due to destructive interference of magnetic interactions
in one of the directions. A necessary test would be a comparison of magnetic excitation
spectra of this model to available experimental Raman scattering data on magnetic exci-
tations in k-(BEDT-TTF),Cuy(CN); and antiferromagnetically ordered BEDT-TTF based
material. At this point it is clear that the spectrum of collective excitations in xk-Hg-Br is
very different from that of k-(BEDT-TTF),Cuy(CN)3. Basing on that we can suggest, that
k-(BEDT-TTF);Cuy(CN); is a regular dimer Mott insulator with homogeneous distribution
of charge on (BEDT-TTF);" dimer on a relevant time scale. If the quantum dipole liquid
model is relevant to xk-(BEDT-TTF),Cuy(CN); at all, it puts this compound quite far from
a quantum phase transition into a dipole solid state. Tuning between quantum dipole solid
and quantum dipole liquid can be done by a change of ¢,/t, ratio, where ¢, is an overlap
integral between the dimers, and ¢, an intra-dimer one according to theoretical approach
of Ref!® Indeed, t4 is found to be larger for xK-(BEDT-TTF);Cuy(CN); than for x-Hg-C1!
The existing experimental data do not give a straightforward evidence of tuning from a
dipole liquid to a dipole solid by hydrostatic and chemical pressure for x-Hg-Br and «-Hg-

Cl. While a charge ordered state in xk-Hg-Cl is suppressed by external pressure of about
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1 kbar,*¥ the unit cell of x-Hg-Br is somewhat larger than that of x-Hg-Cl. Calculation
of electronic structure of these materials and its change with pressure, as well as further
explorations of magnetic properties are necessary for further understanding of the phase

diagram.

4.4 Conclusions

In conclusion, we demonstrated a quantum dipole liquid state in xk-Hg-Br, and found the
frequency of dipole fluctuations at around 40 cm~* both using vibrational spectroscopy and
observing a collective mode associated with the fluctuations. While the frequency of the
collective mode is similar to that of dipole fluctuations, a mixed charge-spin excitations are
also a possible explanation. A presence of a linear term in heat capacity down to 100 uK
suggests a presence of spinon excitations in x-Hg-Br. Magnetic Raman scattering in x-
(BEDT-TTF);Cuy(CN)3 suggests that this material can be well understood within dimer

Mott insulator model and does not show the fingerprints of quantum dipole liquid.
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Figure 4.3: (a)-(b) Temperature dependence of low-frequency Raman spectra of (a) s-
Hg-Br and (b) x-Hg-Cl in A, symmetry. Phonons are found at similar frequencies for
both compounds. In the spectra of x-Hg-Br a background develops at temperatures below
100 K. Spectra at 300 and 11 K for xk-Hg-Br for B;, symmetry are shown in the inset in (a).
The collective mode is observed in B, with more prominent coupling to the phonons. (c)
Temperature dependence of the collective mode in A, symmetry for xk-Hg-Br determined
by extracting phonons from the full Raman spectrum. The inset shows the temperature
dependence of the normalized intensity of the collective mode. (d) Temperature depen-
dence of heat capacity for x-Hg-Cl (red line) and x-Hg-Br (black line) below 40 K. C,
shows similar temperature dependence for these materials below 30 K. The difference in
the behaviour is observed below approximately 6 K. The inset shows low temperature data
with linear behaviour of heat capacity for xk-Hg-Br. (¢) Raman spectra in B;, polarization
at 20 K in the range between 800 and 1100 cm™! with phonons and luminescence back-
ground extracted for k-(BEDT-TTF),Cus(CN)s(upper panel) and x-Hg-Cl and x-Hg-Br
(lower panel). Schematic pictures of the relevant models with different charge distibution
are shown. The spectra of the dimer Mott insulator on the triangular lattice xk-(BEDT-
TTF),Cuy(CN)3(upper panel) demonstrate magnetic excitations below approx. 600 cm™!.
This feature is absent in the spectra of both k-Hg-Br (black) and x-Hg-Cl (red). The in-
crease of intensity in the spectra of x-Hg-Br below 200 cm™! is due to the collective mode
fully shown in panel(a).
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Figure 4.4: (a) Temperature dependence of parameters of 15 and v vibrational modes for
k-Hg-Cl. Blue line in the lower panel shows a fit of the width of v3 by I'(T') = 'y +

hw,
oz(e’ﬂToT — 1)71, with ['y=5.5 cm™!, a=15, wy=150 cm~!. (b) Temperature dependence of

(bc) spectra for xk-Hg-Br (upper panel) and x-Hg-Cl(lower panel). Note a collective mode
which appears at low frequencies in the spectra of x-Hg-Br, similar to bb polarization.
The phonons are widened by the interaction with the collective mode. (c) Comparison of
temperature dependance of heat capacity of x-Hg-Br and x-Hg-Cl with that of x-(BEDT-
TTF)2Cuy(CN)s.
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Table 4.1: List of the parameters used in the formula Eq. 1 SI for the calculations of the
line shapes presented in Fig[.2p of the paper.

wex,em ' w,emt Ayemt Toem™' a,  ap
0 1490 15.5 6 2.05 3.56
1 1490 15.5 6 2.05 3.56
5 1490 15.5 6 2.05 3.56
15 1490 15.5 6 2.05 3.56
30 1490 15.5 6 2.05 3.56
40 1490 15.5 7 2.05 3.56
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Chapter 5

Ground state of ~-Hg-Cl

5.1 Introduction

organic conductors are the subject of intense study especially theoretically where a
range of exotic ground states were proposed. Examples of new proposed ground states
are pinball, three-fold charge metals and other states where charge frustration comes into
play,.?’ Such materials have interesting phase diagrams with complex charge phases due to
competitions between ground states. Such states are mostly described within the extended
Hubbard model for quarter filled materials. In this chapter we observed a crossover to a
new state as we lowered temperature of x-Hg-Cl.

r-Hg-Cl is a quasi-two dimensional material where there is minimal inter-layer inter-
action. The material is composed of alternating layers of cations and anions. The cation

layer is made up of the ET molecule that defines the electronic and magnetic behavior of
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the material. Within the cation layer, the ET molecules are arranged in such a way to form
r-phase where every two molecules form a dimer and every dimer is considered a lattice
site. Every two ET molecules give one electron to the Hg-Cl molecule. As a result, every
lattice site has an unpaired hole on a dime (BEDT — TTF)3*. In systems where there is
strong intradimer bond, a dimer is considered a lattice site and thus the system is consid-
ered half filled. There are 2 dimers (4 molecules ) in a unit cell, where different parameters
ta, ti, t;, Vg, Vi and V; control the behavior of the material. In such organic materials,
electron-electron interaction is strong enough to prevent the double occupation of a state.
Materials exhibiting such behavior are called Mott insulator. However, in cases of charge
order where the charge doesn’t distribute equally within a dimer, the system is treated like
a quarter filled system.

k-Hg-Cl exhibit MIT transition at 30 K that is driven by charge order. In the metallic
state, the charge on (BEDT — TTF)$* is equally distributed on the two molecules within
the dimer and is free to hop between dimers. As the material goes through phase transition,
the charge on the molecules within a dimer deviate from 0.5e to 0.6e and 0.4e on charge
rich and charge poor molecules in the insulating state. Such charge configuration give rise
to electric dipoles that give rise to a ferro-electric state when these dipoles order. The
configuration or long range order of the dipoles in theory could be either the degenerate
chain stripe or the unique checkerboard stripe depending on the parameters V' and V", see
fig. Other configurations were proposed by such as paired electron crystal. However,

it was proposed, Ref," that the charge order is in the stripe configuration as shown in ﬁg
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Figure 5.1: Different Long range charge order configurations depending on V’ and V, from
Ref?

5.2 Results

High resolution Raman measurements were used to probe the charge degree of freedom
for k-Hg-Cl. The sample was 1 mm by 0.5 mm single crystal. The crystals used were grown
as thin plates of typical size 1-2 mm wide and 0.05 mm thick using electrocrystallization
method. The conductivity is low in the direction of layer stacking (a-axis ) and high in the
layer plane and thus these systems are considered quasi-two dimensional materials. The

probe was three-micron laser spot with 514 nm wavelength. The sample was cooled down

to 4K in Janice cryostate.
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Raman spectroscopy was used to probe the charge degree of freedom for x-Hg-Cl.
For every molecule there are 72 vibrational modes, the mode of interest is 15 because it is
sensitive to the charge density on the central C=C molecular bond. As the material is cooled
down this charge ordering is manifested by the splitting of the 5 band at 1490 cm_; into
two modes,vy(4) and vo(p) at 1475 and 1507 em~!. The charge on each molecule within
the dimer could be inferred from the location of the new bands using a linear relation, 2
The charge distribution was calculated to be 0.6e on the charge rich molecule and 0.4e on
the charge poor one creating an electric dipole.

High resolution measurements were taken of 15 and v3 vibrational modes and of low
frequency modes. The material showed consistently MIT transition at ~ 30 K. We noticed
that the transition took place at different temperatures, higher temperature on warming.
However, such hysteresis was not observed in heat capacity measurements and that agrees
with Ref. where they didn’t detect any hysteresis in resistivity measurements. Such hys-
teresis could be attributed to worse thermal conductivity in the insulating state and thus
higher temperature of transition. During the transition we noticed mixed state where we
could see the gradual decrease in the intensity of nu2 and increase in the intensity of v 4)
and vy py. The frequency if v;(p) starts with smaller value and then as the temperature is
lowered its intensity increases and its frequency stabilizes at 1498 cm, see fig. [5.2] From
the frequency we calculated the charges to be 0.6e and 0.4e.

As the temperature is lowered below 10 K, charge order starts to disappear and a redis-

tribution of spectral weight takes place, see fig. [5.2] This behavior is observed on warming
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Figure 5.2: a) Temperature dependence of v, the measurement was taken on warming. b)

Shows the three states of x-Hg-Cl: metallic state in red, charged ordered state in green and
new re-entrant state in blue.

and cooling. Also, different cooling rates, 10K/min, 1K/min and 0.2 K/min, produced the
same result. Also, we have noticed that some locations below 10K showed less spreading
and spectral distribution closer to that of CO; this suggest that the ground state consists of
domains. Also, the emv-coupled mode at ~ 1400 cm~'was sensitive to such crossover; at
MIT transition the intensity of corresponding band increases abruptly but as the tempera-
ture is lowered below 10 K its intensity decreases, see Fig. [5.3a). Similar behavior was
detected at ~ 450 cm™!, see Fig b). The significance of these two bands and how they

are sensitive to charge redistribution is still under investigation.
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Figure 5.3: a) Temperature dependence of the emv-coupled mode at 1400 cm~!. b) Tem-
perature dependence of the low frequency mode at 450 cm ™!

5.3 Discussion

Fitting charge sensitive bands shows that v5(4) frequency increases and that of vyp)
decreases, suggesting that the charge disproportionation starts to change from 0.6e and
0.4e to closer to 0.5e. Also, the mode v, starts to appear again where a significant spectral
weight accumulates below 10K. There are few similarities and differences between this
new state and the mixed state at the MIT transition; the frequency of 15y decreases as the
temperature is lowered below 10 K which is same behavior at the mixed state where the
CO states starts to form. The spectral weight of 15 starts to increase gradually but also with
increasing width. Unlike in the mixed state , 12, v5(4) and vy(p) merge together to form a
very broad peak. In the mixed state the three bands stay separate. All this suggests that a

crossover is taking place at very low temperature.
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Figure 5.4: a) Raman spectra with Lorentzian fits to the peaks. b) Temperature dependence
of the frequency and widths of v, v5(4) and vy peaks.

Plots of the frequencies and widths of v, 15(4) and v5(p) vs temperature are shown in
figure @ V(a) and vo(p) bands represent equal number of charge rich and charge poor
molecules. but have different spectral weights. To better understand the behavior and con-
figuration of the charges we computed the percentage of the molecules contributing to the
intensities of the bands. We fitted the bands to a Lorentzian peaks and then calculated the
area of those peaks using the equation 1.59 x w x h where w is the full width at half max-

imum and h is the intensity. We then normalized the areas of v, 1(4) and v5(p) using that
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of v3. Taking the at 19 K the system is in pure charged ordered state and at SOK it is in pure
metallic state; we used those spectra to calibrate the spectra and calculate the percentage of
molecules with 0.5e, 0.4e and 0.6¢ at 4 K, see fig. We assumed that 100% of molecules
contribute to the spectral weight of 5 at 50K, and 50% of molecules are charge rich that
contribute to the spectral weight of 154y at 19K. Similarly, 50% of molecules are charge
poor that contribute to the spectral weight of 1) at 19K. By adjusting for the difference in
spectral weight we calculated the percentage of molecules contributing to the three bands at
4K. We used the fit in fig[5.5]to calculate such percentages and found that the three charge
densities, 0.6e, 0.4e and 0.5¢ are equally distributed among molecules in the material with

each constituting one third of the total number of molecules.
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Figure 5.5: a) Fitting the area under the v, v5(4) and vy peaks to a polynomial function.
b) Fitting the efficiency factors to to calculate the ratio of molecules with certain charge.

There are few theories that could explain the behavior that we are still investigating.
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First, it could be charge glass with the charge densities range from 0.4e to 0.6e randomly
distributed among molecules. The redistribution of charges could suggest a re-entrant
charge glass. The existence of domains also implies the coexistence of re-entrant charge
glass and charge order. However, there was no evidence of Bose peak to imply glassy state.
In addition, heat capacity measurements do not show any behavior at very low temperatures
other than the lattice contribution ~ 7. Fig. shows that heat capacity at cooling rates
0.5K/min and 10K/min are identical which would not be the case if the ground state was a
glassy state; i.e. no deviation from the ~ T behavior at low temperature after fast cooling.
We would expect glassiness or disorder affect Raman and heat capacity at low temperatures

especially at very high cooling rates but that behavior was consistently absent.
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Figure 5.6: a) RT plot of x-Hg-Cl from Ref® b) Heat capacity measurement of x-Hg-
Clunder different cooling rates, 0.5K/min (blue) and 10K/min (red)

Another interesting explanation is that charge ordered state crosses over to an exotic

metallic state, as suggest by ref.,” due to charge frustration in quarter filled organic com-
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pounds that destroys charge order leading to the the coexistence of solid and liquid compo-
nents of charges. In such ground state, pinball liquid, only third of the charges contribute
to the charge order (solid part) and the rest of the charges are mobile (liquid). Such states
are ground states in the special case of V' = V' due to the the higher degeneracy than the
charged ordered states. Such exotic metals due to charge frustrations are less conductive
than normal metals. This could be suggested as the mechanism of the crossover in our
material if we took the resistivity measurements in ref.® into consideration where the resis-
tivity showed a slight decrease at around 10K, see Fig. [5.6] However, heat capacity at low
temperatures still doesn’t show any deviation from 7 behavior.

A third possibility is that in the charge ordered state the dipoles are static without any
fluctuations within the dimer. As we lower the temperature, the charge starts to fluctuate
leading to the decreased difference between frequencies and the emergence of v,. The
broad peak could take place due to the large range of exchange frequency w,, from 0 to 40
cm ™~ !similar to xk-Hg-Br. That possibility is still under investigation.

In conclusion, we took high resolution Raman measurement of x-Hg-Cland detected
the well understood MIT transition at ~ 30 K . However, as we lower the temperature
we detect a re-entrant state where the charge ordered state is destroyed. Our calculations
suggest a rough estimate of equal charge distribution among molecules with each third of
the molecules have charges 0.5e, 0.4e and 0.6e. Thermal expansion measurement from
Ref®did not detect any change in the crystal constants at the crossover temperature 10K.

Similarly, our heat capacity measurement didn’t detect any sign of phase transition at 10
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K. Also, lattice contributions to heat capacity did not show any change under cooling rates.
These measurements suggest that the crossover is not due to change in lattice structure but
rather due to frustration because of quantum effects. This, however, is under study; it could
be argued that the entropy change is too small to be seen in heat capacity measurements

especially for these 2D charge transfer materials.
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Heat Capacity Measurements

Heat capacity of three different materials was measured to compare similarities in
phonon contribution and detect any differences. Heat capacity of iso-structures x-Hg-Cl
and x-Hg-Br were taken at different cooling rates and magnetic fields. Also, measurements
of spin liquid compound x-(BEDT-TTF),Cus(CN); were taken to compare to literature
values of phonon and spinon contributions. The main result is that all three compounds
share almost same phonon contribution but have very different low temperature behavior.
x-Hg-Cl had ~ T? behavior at at very low temperatures while x-Hg-Br and x-(BEDT-
TTF)2Cus(CN)3 have comparable values of Sommerfeld coefficient. However, the linear
term of k-Hg-Br changes a little with magnetic field and cooling rates. Below are the results

in more detail.
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6.1 Results and Discussion

6.1.1 K-(ET)Q Cllg (CN)3

We conducted heat capacity measurements on the spin liquid compound s-(ET)s Cu,
(CN)3 to verify that the results agree with literature and to compare to heat capacity of
our new compounds. The measurements were done using Quantum Design setup based on
the relaxation method. We took the first measurement in zero and 5 T field on warming.
The sample (0.38 mg) was cooled down at 0.5K /min in zero field. Results for k-(ET),
Cu, (CN)3, are shown in figl6.1] figl6.2] and fig. [6.3] Figle.I]a) is a plot of heat capacity
vs temperature; the figure shows the same kink detected by other experiments at 6 K2
The explanation of that kink is highly speculative and possible interpretations include the
onset of spin liquid state. Fig b) is a plot of C,,/T vs T? for temperature in the range
1.8 K to 3.8 K to show the linear contribution. The red line shows a linear fit to the low
temperature portion of the data. The fit to the data is a line with slope that represents cubic
contribution due to lattice phonons, and intercept that represent linear contribution to the
heat capacity. The coefficient of the linear term (Sommerfeld coefficient) is of the same
order of that detected in literature?” with a value around 8.5m.JK ~2mol~! compared to
12mJ K ~*mol~1. The lattice contribution 3 = 21m.J K ~*mol~! is measured by fitting the
data to ST and agrees perfectly with values found in literature.

Figl6.2] shows the effect of magnetic field on the heat capacity. Fig. a) is log-log

plot of heat capacity vs temperature in zero filed (blue curve) and 5T (red curve). The data
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Figure 6.1: a) Plot of C,us T' of k-(ET), Cuy (CN)3. There is kink at 6 K that is detected
in Ref*? b) Plot of C,,/T'vs T, the linear fit is shown in red.

doesn’t show any change in the kink shape or location due to field. In fig. [6.2]b) The black

line shows a linear fit to the low temperature portion of the data shown in red (5 T) and

blue (0 T) curves. The Sommerfeld coefficient was not suppressed by applying magnetic

field which agrees with previous experiments.
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bution, 3, and the intercept is the Sommerfeld coefficient,
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Figl6.3| shows the effect of cooling rates on the different contributions to heat capac-
ity. Heat capacity was measured on warming after cooling samples at rates 0.1 K/min,
0.5K/min and 2 K/min. Measurements at cooling rates 0.1 K/min and 2 K/min were mea-
sured using a 0.2 mg sample from 2K to 60 K. A larger sample, 0.38 mg, was used in the
cooling cycle at 0.5 K/min. All measurements were taken at 0 Oe. Fig[6.3]a) is a plot of
C,/T vs T to show the effect of cooling rates on the general shape of the heat capacity
curve. The plot doesn’t show any variation in the shape or location of the kink. Also, no
variation in the curve shape means no change in the lattice contribution. The inset is a plot
of C,/T? vs T to magnify the kink at 6K; there is a slight change in the 0.5K/min cooling
rate. However, because the is no change between the data taken at cooling rates 0.1 K/min
and 2K/min, such change could be considered within error bars. Fig. [6.3]b) shows the low
temperature contribution for different cooling rates as C,/T vs T?. The low temperature
data was fitted to a line with slope equal to the cubic term (lattice contribtion), and intercept
equal to the linear term corresponding to spinon contribution. The lattice contribution in
all three cooling rates is equal to ~ 25m.J/mole.K*. The linear term due to the spinon
contribution agree within the error at cooling rates 0.1K/min and 2K/min. The value how-
ever, is lower than that reported in literature.”’ However, at 0.5K/min, the linear term is
larger than other measurements. However, since there is no pattern whether increasing or
decreasing values for the linear term with cooling rates, no conclusion could be derived.

DR measurements at different cooling rates could help draw conclusive results.
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Figure 6.3: a) Plot of C,/T vs T of of k-(ET); Cuy (CN)3 at cooling rates: 0.1 K/min
(blue), 0.5 K/min (green) and 2 K/min (red). Inset is a plot of C},/ T3 vs T.b) Plot of
C,/T vs T? at cooling rates 0.1 K/min (blue), 0.5 K/min (green) and 2 K/min (red) . No
significant difference is detected.

6.1.2 k-(ET), Hg(SCN), Br

We took heat capacity measurements of three samples of x-(ET); Hg(SCN), Br. The
three samples had masses 0.8 mg, 0.6 mg and 0.92 mg. Measurements were taken on
warming at fields O T and 5T. Also different cooling rates were tested. Fig. [6.4]a) is a
plot of C,/T vs T at 0 Oe of samples cooled at 0.5K/min in zero field. The inset is a
magnification of the feature (anomaly) at 80 K where MIT takes place. This anomaly is
expected to be due to the phase transition. Further testing of the phase transition was taken
using a technique on ppms where much longer heat pule was used. Fig. b) is a plot
of C,/T vs T? at O T for a sample cooled at 0.5 K/min. The coefficient of the linear term
(Sommerfeld coefficient) is around 7.6m.J K ~2mol~' compared to 9m.JK ~*mol~! in k-
(ET), Cu, (CN)3. The lattice contribution 3 = 18.4mJ K ~*mol~! was measured by fitting

the data to 37 term.
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Figure 6.4: a) Plot of C},/T vs T of k-(ET), Hg(SCN),Br. Inset is a magnification of the
kink at ~ 80 K. b) Plot of C,7'vs T? at low temperatures. The data was fitted to a line
with the slope equals to the lattice contribution, 3, and the intercept is the Sommerfeld
coefficient, vy

Fig. [6.5]is plot of the heat capacity of k-(ET)s Hg(SCN)oBr under 0T and 5T to compare
effect of field on different contributions. Fig. [6.5]a) is a log-log plot of C}, vs 1" and no
significant change is taking place. Fig. b) is a plot of C,,/T vs T? at OT and 5T. Because
few data points were taken, no conclusion could be derived. DR measurements however,
shows the effect of field on the linear terms that correspond to spinon excitations.

Fig. [6.6]shows the effect of cooling rate on the lattice contribution, spinon contribution
and phase transition. Fig. a) is plot of C,/T" vs T at cooling rates 0.1K/min (blue),
0.5K/min (green) and 2K/min (red). The phase transition at around 80 K doesn’t show any
change in shape or temperature at either 0.1K/min or 2K/min. Fig. [6.6]b) is a log-log plot
of C}, vs T' that shows a change in the low temperature data between 2K and 5K where at
higher cooling rates, there is an additional contribution that is fitted in Fig. [6.6]c). The

inset of Fig. b) is a plot of C,/T® vs T that also confirms the same result; slight change

107



CHAPTER 6. HEAT CAPACITY MEASUREMENTS

L] 05 L] L] L] L] L] L] L] L] L]
100 ——B=00e «-(ET),Hg,(SCN), Br
- —— B=5KOe 1 . —=—0T
04k Cooled at 0.5K/min —.=5T
—~ R Dat
T «-(ET),Hg,(SCN),Br 2 e
Q Cooled at 0.5K/min y 0.3F
10 o 0.
T'E ] Raw Data /, 3 o
A4 e
=) S 02F
QQ 1F E OQ
0.1F
100m L 0.0 L L L L L L L L L
10 0 2 4 6 8 10 12 14 16 18 20
T(K) T(K)

Figure 6.5: a) Log-Log plot of C,vs T of x-(ET), Hg(SCN),Br at two fields. b) Plot of
C,T~'vs T?* at low temperatures. The data was fitted to a line with the slope equals to the
lattice contribution, (3, and the intercept is the Sommerfeld coefficient,

in the low temperature behavior. A plot of low temperature data from T=2K to T=4.5 K
is shown in Fig. c). The plot of C,/T vs T? is fitted linearly to extract the lattice
contribution (slope) and spinon excitation (intercept). The intercept value does get larger
with increasing the cooling rate from 1m.J/mole. K* at 0.1K/min to 13.4m.J/mole. K* at

2K/min. The lattice term doesn’t show any change and has value of ~ 19m.JK ~4mol .
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Figure 6.6: a) Plot of C},/T vs T of k-(ET)2 Hg(SCN), Br at cooling rates 2K/min (red)
and 0.1K/min (blue). b) Log-Log plot of C,,/T" vs T for cooling rates 0.1K/min (blue),
0.5K/min (green) and 2K/min (red). The inset is a plot of C},/T’ 3 vs T. ¢) Low tempera-
ture plot of C),/Tvs T?. The data was fitted to a line with the slope equals to the lattice
contribution, 3, and the intercept is the Sommerfeld coefficient, .
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6.1.3 ~-(ET), Hg(SCN), Cl

We measured heat capacities of few samples of xk-(ET); Hg(SCN), Cl with masses 0.56
mg, 1.11 mg and 0.93 mg at different cooling rates and under few values of magnetic field.
The results of C,/T" vs T are shown in ﬁg). There is an anomaly at 30 K (circled) that
is a sign of a MIT phase transition. Interestingly the same feature at 80K found in the heat
capacity of xk-(ET); Hg(SCN), Br also appears in x-(ET); Hg(SCN), CI and this could be
attributed to CH, ordering. The inset magnifies both features. Fig) is a plot of C,,/T
vs T? at low temperate that was fitted linearly. The fit showed consistently that x-(ET),
Hg(SCN),Cl has no linear term and the low temperature behavior is dominated by lattice

contributions ~ T2,
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Figure 6.7: a) Plot of C},/T vs T of k-(ET), Hg(SCN),Cl. Inset is a magnification of the
anomaly at 30K and ~ 80 K. b) Plot of C,,7'vs T? at low temperatures. The data was
fitted to a line with the slope equals to the lattice contribution, /3, and the intercept is the
Sommerfeld coefficient,

Figl6.§| a) and b) are plots of the anomaly due to phase transition at 30K. The mea-

surements were done on warming (red) and cooling (blue) to check for hysteresis. No
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hysteresis was detected whether the sample was cooled down at 10 K/min (plot a) or at 0.1

K/min (plot b). Fig. [6.9]is a plot of the heat capacity of x-(ET), Hg(SCN),Cl under OT

T T T 150 T T T T T
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° After 1st point removed °
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© = 1st cooling © — On 1st Cooling

125+ —— On warming - 120 —— On Warming
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29 30 31 32 28 29 30 31 32 33
T(K) T(K)

Figure 6.8: a) Plot of C, vs T' of xk-(ET), Hg(SCN),Cl at cooling rate 10K/min. Mea-
surements were done on cooling (blue) and warming (red). b) Plot of C), vs T" of k-(ET),
Hg(SCN),Cl at cooling rate 0.1K/min.
(blue) , ST (green) and 9T (red) to study effect of magnetic field on different heat capacity
components. Fig. [6.9a) is a log-log plot of C}, vs T" and no significant change is taking
place. Fig. b) is aplot of C,/T vs T? at OT, 5T and 9T. No changes was detected due to
field at low temperature, with ~ T* behavior dominating the contribution to heat capacity.
Fig. [6.10]shows the effect of cooling rate on the lattice contribution and phase transition.
Fig. a) is plot of C},/T vs T at cooling rates 10K/min (blue) and 0.5K/min (red). The
phase transition at around 30 K shows slight change in shape. The effect is magnified in
inset of Fig. [6.10). Fig. [6.10b) is a log-log plot of C;, vs T" that shows no change in the low
temperature behavior. The inset of Fig. b) is a plot of C,,/T? vs T that also confirms

the same result with no change in phonon contribution. A plot of low temperature data
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Figure 6.9: a) Log-Log plot of Cpvs T of k-(ET); Hg(SCN),Cl at two fields. b) Plot of
C,T~'vs T?* at low temperatures. The data was fitted to a line with the slope equals to the
lattice contribution, (3, and the intercept is the Sommerfeld coefficient,

from T=2K to T=4.5 K is shown in Fig. ¢). The plot of C,,/T vs T? is fitted linearly
to extract the lattice contribution (slope) and any linear contrition if existed. The intercept
value is zero at all cooling rates that might imply that no disorder or glassiness takes place.

The lattice term doesn’t show any change and has value of ~ 20mJK ~*mol~*.
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Figure 6.10: a) Plot of C,,/T vs T of k-(ET); Hg(SCN), Cl at cooling rates 0.5K/min
(red) and 10 K/min (blue). The inset is a close up of the anomaly due to phase transition at
30 K. b) Log-Log plot of C},/T" vs T for cooling rates 0.5K/min (red) and 10 K/min (blue).
Inset is a plot of C},/ T3 vs T for cooling rates 0.5K/min (red) and 10K/min (blue). c) Low
temperature plot of C,/T'vs T?. The data was fitted to a line with the slope equals to the
lattice contribution, (3, and the intercept is the Sommerfeld coefficient, .
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Figl6.1Th) is a plot of C}, vs 1" to compare the shape of the anomaly at 30 K at different
cooling rates; 10K/min (red curve) and 0.1 K/min (black curve). There is a slight shift in
the temperature and shape of the anomaly that is still under investigation. Figl6.11p) is a
plot where one of the curves was shifted in temperature to superimpose the two curves;
there is slight change at temperatures higher than the MIT transition. Also, it is obvious
that the anomaly has a complex shape with what looks like a double peak. The implication

of which is still under study.
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Figure 6.11: a) Plot of C,, vsT" of x-(ET),; Hg(SCN), CI of the anomaly at 30 K at cooling
rates 10K/min (red) and 0.1K/min (back).b) Same plot as a) with the two curves superim-
posed.

6.2 Conclusion

In this section I will compare the results of heat capacity measurements of the three ma-
terials: k-(ET)y Hg(SCN),Br (blue), x-(ET); Hg(SCN),Cl(green) and x-(ET)y Cusy (CN)3
(red). Heat capacity of these materials generally have ~ T dependence at low tempera-
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ture. It was shown that all three materials have similar lattice contribution in the range of
[ = 18.4 — 24mJK ~*mol~!. The heat capacity curve was fit using two kinds of Debye
phonons at two Debye temperatures: Ty ~ 440K and7p, ~ 101K. In fig. a) the
anomaly at 6K distinguishes x-(ET)s Cuy (CN)3 from the isostructural materials x-(ET)q
Hg(SCN),Br and «-(ET), Hg(SCN),Cl. It is hypothesized that the kink at 6K signifies the
onset of spin liquid state. Heat capacoity of x-(ET)2 Hg(SCN),Cl shows the anomaly at
30K due to the transition from metallic state to charge ordered insulating transition. Both
k-(ET)y Hg(SCN),Br and «-(ET), Hg(SCN),CI have an anomaly at ~ 80K that could be
attributed to C'H, ordering. Fig. [6.12p) shows a feature at around 10 K that is still under
investigation.

Fig. ¢) compares the linear term of all three materials; x-(ET); Hg(SCN),Br and
k-(ET)y Cusy (CN)3 show pronounced linear term at very low temperatures. The coeffi-
cient of the linear term (Sommerfeld coefficient) is around 7.6m.J K ~2mol~! compared
to 9mJ K ~*mol~! in k-(ET), Cuy (CN)3. Generally, conduction electrons are the major
source of a linear term in heat capacity measurements, however, because these compounds
are Mott insulators at such low temperatures, conduction electron contribution is ruled
out. Another reason for this linear term is believed to be due to spinons. The linear term
doesn’t change under the effect of magnetic field in both materials. However, x-(ET),
Hg(SCN),Br shows more pronounced decrease of the Sommerfeld coefficient as the cool-
ing rate is decreased, see figl6.13p) and c). That could indicate more disorder or glassiness

at low temperatures.
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Figure 6.12: a) Plot of C,/Tvs T of k-(ET), Hg(SCN)yBr (blue), r-(ET),
Hg(SCN),Cl(green) and x-(ET); Cuy (CN)3 (red). b) Plot of C,,/T 3vs T of all three mate-
rials. ¢) Log-Log plot of C), vs T' of all three materials; the inset is a plot of C,/T" vs T* at
very low temperatures.
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Figure 6.13: a) Plot of C,/T vs T of k-(ET)2 Hg(SCN),Br (blue) and x-(ET); Cuy (CN);
(red). b) plot of C,,/T vs T? at very low temperatures of both materials cooled at 0.1K/min
(left panel) and at 2K/min(right panel). c) Plot of C,/ T3vs T of both materials cooled at
0.1K/min (left panel) and at 2K/min(right panel)
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Summary

We studied two isostructural materials to determine their ground states and understand
the mechanism of such states. Both materials belong to the larger class of organic Mott
insulators. However, their MIT transition proved elusive and much more interesting than
simple Mott transition. The Materials are quasi-two-dimensional materials with triangular
lattice that renders them very interesting to study effects of frustration and correlation. We
studied their charge degree of freedom using Raman spectroscopy and phase transition
using heat capacity. Raman proved to be the best way to study the charge dynamics of
these systems; for x-Hg-Br, we detected charge fluctuations within dimers below 80 K that
lead to the increase in the width of the charge sensitive vibrational mode 1. By fitting our
data to two-site jump model we could calculate the frequency of the dipole fluctuations.
At that frequency we detected evidence of collective behavior of charge fluctuations that

further supports our analysis of 5. Our results proved to be the first experimental finding
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of quantum dipole liquid. Also, that behavior of charge fluctuation could explain the lack
of evidence of magnetic ordering. Our Raman analysis of the low frequency behavior didnt
detect any signs of magnetic ordering in the form of wide bands within range of 80-400
cm L. This could be explained by the assumption that charge and spins are coupled and as
a result, the charge fluctuation/dynamics suppresses any ordering of spins. Also, our heat
capacity measurement detected an interesting linear term at very low temperature. That
linear term could be explained as spinon excitations in light of our Raman results.
rk-Hg-Clproved to be very interesting; first it is unusual for the dimerized x-phase to be
charge ordered. Second, we recently discovered that at very low temperatures the material
crosses over from a charge ordered state to re-entrant new phase. Raman spectrum at low
temperatures shows that the charge sensitive mode 1, gain spectral weight as we lower the
temperature. Also, the difference between the frequencies of the charge rich mode v, 4 and
charge poor mode v, gets smaller, implying that the charge disproportionation gets lesser.
The fits suggest that we have at least three charges on the lattice instead of two charges (0.6e
and 0.4e) in the charge ordered sate. Such state is still under investigation with very inter-
esting possible explanations in light of new results from other experiments. Heat capacity
measurements did not detect signs of phase transition at the crossover temperature. No
cooling rate dependence was detected whether in Raman or heat capacity measurements.
Also, magnetic Raman studies didnt detect any evidence of magnetic ordering which is
supported by very recent results.** All these results point towards frustration effects.

In conclusion, Raman was very useful in studying charge degree of freedom and mag-
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netic behavior of these systems; we detected new ground states that could illuminate new
mechanism by which magnetic frustration takes place. k-Hg-Brwas found to be a quantum
dipole liquid and its iso-structure shows signs of frustration at very low temperature that
disrupts the charge ordered state. The fact that k-Hg-Cland «-Hg-Brare isostructural ma-
terials could help us understand the consequence of chemical pressure and thus, effect of
transfer integrals and other parameters on frustration. That could help understand differ-
ent mechanism of frustration and exotic new phases of matter, and advance future material

design.
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