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Chapter 1

Introduction

Smart   materials   that   can   respond   to   changes   in   their   environment,   such   as

pressure, temperature, humidity, light, magnetic field or pH, have been the subject

of   a   plethora   of   investigations   thanks   to   their   various   possibilities   for

applications .   For   example,   self-healing   materials   and   shape-memory

materials   have   been   extensively   studied   in   terms   of   their   potentials   in

automotive engines , robots   and actuators.  Salient materials,  typically responsive

to physical stimuli such as pressure, temperature and light, are the emerging stars

of   the   smart   material   family   due   to   their   fast   mechanical   response   and   robust

exhibition   of   actuation .   These   materials   are   categorized   as   thermosalient ,

photosalient   and  mechanosalient  materials,  corresponding  to  the  three  external

stimuli:   heat,   light   and   mechanical   force.   The   collection   of   mechanical   effects,

usually observed as rapid self-propulsion, splintering, or even explosion that leads

to   complete   disintegration,   exhibited   by   these   salient   crystals   are   defined   as

thermosalient,   photosalient   and   mechanosalient   phenomena.   The   more   recent

research   has   focused   on   exploring   the   dynamical   and   adaptive   responses   to

external  stimuli,  all  of  which are of  paramount importance for the next-generation

smart materials .

Parts  of  this  chapter  are  adapted  from:  S.  Semin,  X.  Li,  et  al.  “Nonlinear  Optical

Properties  and  Applications  of  Fluorenone  Molecular  Materials”  Adv.Optical  Mater.
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1.1 Thermosalient phenomena

1.1.1 Thermosalient organic materials

The   very   first   thermosalient   material   was   reported   in   1983   in   a   study   of   single-

crystal-to-single-crystal   (SCSC)   phase   transition,   where   a   sudden   discontinuous

expansion   was   observed   upon   heating,   leading   to   a   jumping   behavior.   Thus,

thermosalient   crystals   are   also   colloquially   called   jumping   crystals.   Soon,   a

reversible SCSC phase transition accompanied with a  jumping effect  was reported

for another organic crystal  and the concept of  thermosalient crystal  was coined .

From   there   on,   more   studies   have   been   delivered   on   discovering   thermosalient

materials . Till now, there are more than 30 compounds that are reported to be

able   to   form   thermosalient   crystals.   Figure   1.1   presents   a   summary   of   all   these

compounds till 2015 . 

Thermosalient materials include a large variety of compound types, such as organic

molecules, organometallic compounds and metal complexes, all of which share the

property   of   converting   thermal   energy   into   mechanical   energy   in   the   crystalline

state .   Thermosalient   organic   crystals,   composed   of   discrete   and   highly   ordered

molecules   bound   through   intermolecular   forces,   exhibit   mechanically   responsive

properties that have positioned them as a platform for devices with a wide range of

flexibility and complexity .  

Thermosalient   organic   crystals   provide   better   performance   in   terms   of   response

time   and   work   density   compared   to   traditional   actuators   such   as   electroactive

polymers,   piezo-actuators   and   thermal   actuators .   The   fastest   thermosalient

response  was  reported  to  be  at   the  scale  of  a   few  microseconds ,  second  to  the

photosalient response . The work density exerted by the jumping behavior is up to

270   J/kg   in   thermosalient   organic   crystals ,   much   higher   than   that   of

microelectromechanical   systems .   Thanks   to   the   almost   infinite   possibilities   on

molecular   composition   and   crystalline   structures,   thermosalient   organic   crystals

also feature low-cost and easy fabrication comparing to metallic materials.

However,   an   inherent   drawback   that   has   precluded   wider   implementation   of

thermosalient   organic   crystals   thus   far,   is   their   brittleness,   resulting   from   the

sudden   structural   change,   which   renders   them   incapable   of   ensuring   mechanical

compliance   required   for   devices .   The   potential   for   practical   applications   of   the

thermosalient   effect   for   thermal-to-mechanical   energy   conversion   requires

elucidation   of   the   mechanism   and   detailed   understanding   of   the   relationship
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between   structural   changes   at   the   molecular   level   and   their   expression   at   the

macrostructural level.  

Thus, the most challenging task in this field is to first,  find a robust thermosalient

material   that   can   maintain   its   integrity   through   the   temperature   cycles;   second,

understand the mechanism of  this  effect  and achieve controllable  motions   in  this

type of material .

Figure 1.1. Molecular structures of reported thermosalient crystals .

1.1.2 Structural phase transitions in thermosalient organic crystals

To   understand   the   thermosalient   effect   and   provide   guidance   for   future

applications,   a   lot   of   research   has   been   done,   utilizing   the   methods   of   thermal

analysis   (Thermogravimetric   analysis ,   Differential   scanning   calorimetry ),

structural   analysis   like   powder   X-ray   diffraction   (XRD)   and   single   crystal   XRD ,

and   microscopic   and   spectroscopic   analysis   using   hot   stage   microscopy   and

Raman   spectroscopy .   So   far,   it   is   generally   accepted   that   the   origin   of   this

phenomenon   is   related   to   the   generation   of   mechanical   stresses   in   the   crystal.

These   stresses   accumulate   during   an   induction   period   due   to   structural   strain

before critical  conditions of  their  relaxation via dislocation glide,  twinning,  and/or

25
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fracture   are   achieved.   The   jumping   occurs   as   a   result   of   instantaneous   release   of

the   colossal   strain   that   has   accumulated   in   the   crystal   interior.   A   rapid   structural

transition is related to large shear strain and shear stresses .

Some essential concomitant features of thermosalient organic crystals :

they present a first-order phase transition associated with a sudden change

of cell parameters and 

they show a negative thermal expansion in at least one direction

Note that there is one case where a jumping behavior is reported without a phase

transition happening .

The   thermosalient   phase   transition   is   often   compared   to   a   martensitic   phase

transition, which can also be induced by temperature . While both the martensitic

phase transition and the thermosalient phase transition involve reversible changes

in material properties, they occur in different types of materials (crystalline metals/

alloys   vs.   organic   crystals)   and   are   driven   by   different   underlying   mechanisms

(structural   transformation   vs.   stress   release).   Moreover,   thermosalient   phase

transition   also   features   two   magnitudes   faster   transition   rate   than   that   of

martensitic phase transition .

In   2019,   my   predecessor   Yulong   Duan   serendipitously   discovered   that   the

di([1,1′-biphenyl]-4-yl)-fluorenone (4-DBpFO) single crystal, originally designed and

grown   for   its   potential   nonlinear   optical   properties,   presented   a   very   robust

thermosalient   crystal,   that   allowed   cycling   through   its   phase   transition   for

hundreds   of   cycles   without   any   noticeable   degradation   nor   explosion .   In   the

following,   the   fluorenone   materials   and   their   linear   and   nonlinear   optical

properties   will   first   be   introduced,   before   we   start   focusing   on   the   main   topic   of

this thesis: the origin of this fascinating thermosalient effect.

1.2. Probing the phase transition in 4-DBpFO

Fluorenone based materials serve as a new promising class of molecular materials

for   nonlinear   optics .   These   derivatives   can   be   easily   synthesized   by   metal

catalyzed   condensations   such   as   Suzuki   coupling   reactions.   The   superiority   of

fluorenone   based   derivatives   for   nonlinear   optics   is   not   only   due   to   the   high

hyperpolarizability  of  single  molecules  but  also  because  of   the   fact   that   they  can

exist in different non-centrosymmetric crystalline forms at room temperature .
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Figure 1.2. Molecular and crystallographic structure of fluorenone based materials:

DPFO  a)  Hydrogen-bonded  DPFO  molecular  chains  for  second-order  nonlinear  optical  properties.

b) Packed molecular columns along the a-axis, viewed along the b-axis.

4-DBpFO c) The hydrogen bonded molecular chains of 4-DBpFO. The dipole of each individual molecule

accumulates to contribute to a permanent dipole of the molecular chain, as represented by the arrow.

d) The zigzag C-H⋯π interactions attaching the molecular chains in a non-centrosymmetric way.

PAFO  Crystal  structure  of  PAFO  in  the  α  phase.  e)  The  front  view  and  f)  the  top  view  of  the  PAFO

molecules with two different configurations. g) The unit cell of PAFO crystals in the α-phase.

DNFO Crystal structure of DNFO in the 1α-phase. h) The intermolecular C=O⋯H hydrogen bonds attach

molecules  along  the  a-axis  (view  along  c-axis)  i)  C=O⋯H  attraction  induces  the  molecular  chains  to

pack along the c-axis (view along a-axis).

By adjusting the ratio of good and poor solvents in the crystallization process using

the   liquid   diffusion   method,   multiple   polymorphs   of   4-DBpFO   molecule   can   be

obtained,  as  summarized  in  Table 1.1.  Notably,  within the same crystalline phase,

which shares an identical crystal structure, different morphologies may emerge. For

instance,  α'  phase 4-DBpFO crystals  can form as  either  microbelts  or  microplates,

both   of   which   fall   in   Ccm2   space   group.   Similarly,   crystals   exhibiting   the   same

morphology,   such   as   the   microplates   listed   in   Table   1.1,   may   belong   to   different

phases.   In   other   words,   one   cannot   identify   the   phase   of   a   crystal   by

its morphology.

α'  phase   4-DBpFO   crystals   have   been   thoroughly   studied   for   its   excellent   second

order nonlinearity originating from its non-centrosymmetric architecture . 

The α  phase  4-DBpFO,  while   featuring  a  centrosymmetric  structure,  shows  salient

response   to   temperature   change .   The   thermosalient   effect   involves   a   reversible

structural   phase   transition   upon   heating.   In   this   thesis,   we   focus   on   studying   the

1

34,35

22

Introduction 17



origin   and   the   dynamics   of   the   thermosalient   phase   transition   in   4-DBpFO   by

employing multiple spectroscopic methods.

4-DBpFO 

crystals
Morphology Space group Point group Centrosymmetry Phase transition

α'-phase
microbelts

and microplates
Ccm2 mm2

non-
centrosymmetric

None

α-phase microplates Pnma centrosymmetric Thermosalient

Table 1.1. Polymorphs of 4-DBpFO under ambient conditions.

1
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1.2.1 Thermosalient phase transition in 4-DBpFO

The   drastic   shape   deformation   of   4-DBpFO   crystals   is   accompanied   by   a   strong

mechanical   response   and   a   structural   transformation   inside   the   crystal   lattice,

where   the   molecules   move   and   drive   the   structural   change   cooperatively.   The

deformation of the single crystal  can be reproducibly controlled by many heating/

cooling cycles  without  destroying the crystal.  Upon the  low-temperature  phase to

high-temperature phase transition, a crystal with a size of 200 × 200 × 50 μm  could

kick   a   glass   bead   (0.15   mg),   causing   it   to   fly   several   centimeters   away.   The   work

density was estimated to be as high as 270 J/kg .

The transition   involves  a  small  conformational  change,  which  propagates  through

the crystal  but can be frozen and even reversed by finely  tuning the temperature.

Moreover,   this   shear   deformation   can   be   observed   along   two   orthogonal   crystal

sides   that   appear   to   be   connected   to   its   symmetrical   and   layered   structure.   The

phase   transition   of   4-DBpFO   single   crystal   can   appear   in   two   ways:   one   phase

boundary   and   two   phase   boundaries.   The   phase   boundaries   can   be   temperature

controlled   to   move   forward,   backward,   or   to   halt,   benefitting   from   the   stored

elastic energy between the parallel boundaries. Thus, it is possible to fix the phase

boundary   during   its   propagation .   This   property   of   the   phase   transition   is

strategically used in Chapter 4 where Raman spectra are obtained as function of an

order   parameter   by   making   a   line   scan   through   the   phase   boundary   while   the

crystal is fixed at a certain temperature. 
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Figure 1.3. Crystal structure and morphology of the α-phase and β-phase 4-DBpFO.

a) Fluorescence images of a typical macroscopic single crystal of the α-phase (at room temperature)

and β-phase (at 178 °C), under UV light excitation. b) Molecular packing viewed along the b-direction of

the two phases. c) Molecular packing viewed along the c-direction. The molecular arrangement shows

an overlapping layered structure along the b-axis with anti-parallel dipoles. The light red arrows show

the  direction  of  the  molecular  dipoles.  The  structure  shows  that  there  is  ample  space  between

molecules,  which  is  beneficial  for  the  rotation  of  the  flat  planes  in  the  molecules  during  the  phase

transition. Notice that the angles between the axes are all 90° in the α-phase while the α-angle is 93° in

the β-phase. φ is  the dihedral angle between the inner and outer phenyl rings and θ is  the dihedral

angle between the inner phenyl rings and the rigid center.

The   structural   phase   transition   in   the  α-phase   of   4-DBpFO   does   not   fall   in   any   of

the   three   classes   that   were   defined   by   the   molecular   shape   and   their   packing

structures . Instead, it shows a pronounced anisotropic crystal shape change with

a shrinkage in one direction and an expansion in the perpendicular  direction.  The

major   shear   deformation   is   caused   by   the   in-plane   anisotropic   lattice   expansion,

which generate a shear force parallel to the rhombic crystal side.

The   structural   phase   transition   in   4-DBpFO   single   crystal   that   is   induced   by

temperature   change   belongs   to   the   martensitic   phase   transition   as   there   is   no

change   in   composition   and   the   phase   transition   is   reversible   in   terms   of   its

mechanical and thermal properties.

4-DBpFO,   featuring   a   robust   and   reversible   thermosalient   phase   transition,   is

chosen   as   a   prototype   to   study   the   origin   and   dynamics   of   this   structural   phase

transition using several spectroscopic and ultrafast pump-probe techniques.
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1.2.2 Optical probing of charge and lattice dynamics

In order to understand how light can probe lattice dynamics, we apply an approach

based   on   thermodynamics.   In   particular,   the   first   law   of   thermodynamics

states that

where     is   the   internal  energy  of   the system,     is   the  heat  added  to  the system

and W is the output work done by the system. 

Here we assume for simplicity that there is no irreversible energy transfer of energy

between light  and medium.  It  means that  the entropy of  the whole system in the

process   of   light-matter   interaction   does   not   change   and   .   Consequently,

.   The   energy   of   light-matter   interaction   in   the   electric   dipole

approximation is equal to 

where    is   the   electric   field   of   light   and    is   the   polarization   induced   in   the

material by this electric field.  

If  the electric field of light is a small  parameter,  i.e.  the field is much smaller than

interatomic electric fields (~20 V/nm), we can expand the polarization in series with

respect to powers of  :

where     is   the   fundamental   constant   representing   the   dielectric   permittivity   of

vacuum,     is   the   linear   optical   susceptibility,   and     etc.   are

nonlinear susceptibilities.

Limiting the consideration to the first  term in the series  means that  we apply  the

approximation of linear optics. In this approximation, one also writes that 

where    is the i-th component of the vector of electric displacement and    is the

dielectric permittivity (  and    if   ) .  

dU = dQ + dW (1.1)

U Q

dS = 0
dQ = T dS = 0

dW = EdP (1.2)

E P
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Any lattice distortion can be represented by a  strain tensor     If   lattice dynamic

results in a specific   ,  which shows up in the interaction of light and matter,  we

can write 

where     is  a  phenomenological  tensor,  which describes how lattice distortion

links to optical properties (elasto-optical tensor) .  

Since   the   crystals   studied   in   this   work   have   no   magnetic   order,   the   optical

properties   of   the   medium   must   be   invariant   with   respect   to   time-reversal.   Since

strain   is   also   invariant   under   time-reversal,   the   contributions   of     to  

must be also time-reversal invariants. From this it can be shown that     can

only contribute to the symmetric part of the dielectric permittivity 

tensor 

Assume   for   simplicity   that   light   propagates   along   the   z-axis   and   the

electromagnetic field is represented by a plane wave, implying that   .  It can

be shown that, if the strain changes the ratio between     and     or induces   ,

the polarization of initially linearly polarized light propagating along the z-axis will

acquire ellipticity.  The effect is known as linear birefringence and is discussed and

used in Chapters 3,  5 and 6. If  absorption cannot be neglected, the polarization of

light will rotate due to linear dichroism. 

In   order   to   detect   dynamic   changes   of     due   to   lattice   vibrations,   one   has   to

measure   the   polarization   ellipticity   and   rotation   with   temporal   resolution.   In   the

experiments  presented in this  thesis,  no effect  of   (laser-induced)   lattice vibrations

could be resolved in the pump-probe birefringence experiments. Optical excitation

of   electrons   can   also   lead   to   dynamic   changes   in     directly.   This   is   studied   in

Chapter   5   where   optical   pump-   probe   is   employed   to   disclose   the   time-resolved

charge dynamics by probing the polarization rotation as a function of delay time.

Alternatively,   lattice   dynamics   can   be   studied   in   the   frequency   domain.   For

instance,   let   us   consider   a   particular   lattice   vibration   mode,   which   preserves   the

translational symmetry of the crystal lattice and induces a mechanical deformation

𝜎𝜎.   Such   a   vibration   would   correspond   to   a   phonon   at   the   center   of   the

Brillouin zone.
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By expanding the dielectric permittivity with respect to 𝜎𝜎 one obtains 

After defining the electric field of the incident light as  

and   the   deformation   as   ,   one   can   see   that   if   ,   the   net

dipole   moment   (i.e.   electric   polarization)   induced   in   the   medium   by   the   electric

field   of   light     must   have   two   additional   spectral   components   at

frequencies   . Hence, after interaction with the medium the spectrum of light

changes   as   a   result   of   scattering   of   light   waves   (photons)   by   waves   of   lattice

vibrations (phonons).  Lattice vibrations of crystals consisting of two or more types

of   atoms   are   characterized   by   two   types   of   branches,   representing   acoustic   and

optical phonons, respectively.  Historically,  scattering of light by optical phonons is

called   Raman   scattering,   while   scattering   of   light   by   acoustic   phonons   is   called

Brillouin   scattering.   These   explanations   can   also   be   expanded   to   the   case   of

anisotropic media, where     is the dielectric permittivity tensor. The derivative     is

called the Raman tensor.

In   a   Raman   experiment,   the   light   from   a   laser   is   scattered   by   lattice   vibrations

(phonons). If the scattering results in a decrease of the frequency of light (increase

of the wavelength),  the effect   is  called Stokes-Raman scattering .   In this  effect,  a

light wave at the frequency     is inelastically scattered by the lattice – its frequency

changes   to     and   lattice   vibrations   at   the   frequency     are   launched.   The

scattering   resulting   in   an   increase   of   the   light   frequency   (decrease   of   the

wavelength)   is   called   Anti-Stokes-Raman  scattering.   In   this   case,   lattice  vibrations

at the frequency     are quenched upon scattering of a light wave at the frequency

  into   a   wave   with   the   frequency   .   This   refers   to   Chapter   4   where   Raman

experiments on 4-DBpFO are discussed.

Light   can   also   detect   dynamics   in   media   employing   nonlinear   optical   properties.

For   instance,   the   second   and   the   third   terms   in   Equation 1.3   represent   such

phenomena   as   Second   Harmonic   Generation   and   Third   Harmonic   Generation,

respectively.   For   second   order   nonlinearities,   a   non-centrosymmetric   structure   is

required, where     is not zero. However, in the studied medium in this thesis, the

centrosymmetric  4-DBpFO crystals,  an SHG signal  has been observed by means of

THz   pumping.   This   is   so-called   THz   electric   field   induced   SHG   (TSHG)   and   is

discussed in Chapter 6.

ε(σ,ω) = ε(0,ω) + σ + σ + …
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dε
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If  the THz pulse induces an electric polarization     in the studied medium,

it  can be seen in the generation of  a second harmonic response   .  For the SHG

intensity in the electric dipole approximation one finds that 

where     is the amplitude of the electric field of the infrared pulse,   and   are

phenomenological tensors. The second term accounts for the nonlinear SHG source

due to the electric polarization induced by the THz electric field  .  

In   electric   dipole   approximation,   the   SHG   signal   from   an   unperturbed

centrosymmetric 4-DBpFO single crystal is zero. That is to say, the first term in the

equation above is equal to zero. The external electric field of the THz pulse breaks

the   spatial   inversion   symmetry   and   results   in   a   non-zero   contribution

 to the net SHG signal .  

Light-matter interaction can also be described in terms of polarizations induced by

gradients   of   the   electric   field   of   light.   For   instance,   in   the   case   of   a   plane   wave

propagating along the x-axis and having a wave-vector   ,  for the electric field one

can write    In the case of linear optical approximation

,   which   can   be   now   rewritten   as   .   Nonlinear   optical

properties in the quadrupole approximation can thus be considered accordingly.  

1.3 Scope of thesis

To   study   the   origin   and   dynamics   of   the   structural   phase   transition   in   the

thermosalient   organic   crystal   4-DBpFO,   Raman   spectroscopy   and   ultrafast   pump-

probe techniques with different pump wavelengths are used.

The   preparation   of   this   crystal   and   the   methods   for   characterization   and   optical

setups   that   are   used   in   this   thesis   are   summarized   and   described   in   Chapter   2.

Chapter   3   explores   two   different   optical   properties   (fluorescence   change   and

birefringence   change   across   the   phase   transition)   of   4-DBpFO,   to   define   a   proper

probe parameter for later studies. Chapter 4 utilizes  in-situ  Raman spectroscopy to

study the structural phase transition and reveals two important phonon modes that

are   closely   related   to   and   define   the   order   parameter   of   the   phase   transition   in

4-DBpFO. Chapter 5 aims to study the ultrafast dynamics of the phase transition on

a   picosecond   timescale.   The   laser   induced   polarization   rotation   change   indicates

the   possibility   of   an   optically   induced   structural   phase   transition   in   4-DBpFO.
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This means  that   the  thermosalient  effect  can  also  be  triggered  optically  and  thus

provides   potential   to   control   the   salient   behavior   remotely.   In   Chapter   6   we

demonstrate how the thermosalient structural  phase transition in 4-DBpFO can be

driven   by   strong   THz   pulses.   Chapter   7   contains   a   summary   and   outlook   of

this thesis.
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Chapter 2

Material characterization and
experimental approaches

This   chapter   is   an   introduction   to   the   materials   studied   and   some   experimental

techniques  used   in   this   thesis.  The  materials  are  based  on  several  polymorphs  of

one   compound,   2,7-di([1,10-biphenyl]-4-yl)-fluorenone   (4-DBpFO).   In   this   chapter,

we   present   the   sample   preparation   methods,   crystalline   habits   and   structures   of

the   two   polymorphs   of   interest,   the  α  and  α’  phase   of   4-DBpFO,   as   well   as   their

linear   optical   properties.   These   two   phases   are   stable   at   room   temperature.   The

fluorescence   microscope   images   show   their   crystal   morphologies   and   their

fluorescence   colors.   In   this   chapter,   we   also   describe   the   experimental   setups

which are used to study the optical and dynamic properties of these materials.



2.1 Crystallization

Polymorphism and the corresponding crystal habits and symmetries rely highly on

the   crystal   growth   conditions,   which   provides   possibilities   for   control.   Therefore,

many   crystallographic   growth   methods   have   been   explored   to   grow   fluorenone-

based molecular  single  crystals  with  sizes  ranging  from micrometer  to  millimetre,

to   satisfy   various   purposes.   Slow   evaporation   from   a   saturated   solution   and   slow

liquid/liquid  diffusion,  by  dropping  a  poor  solvent  solution  of   the  compound   in  a

good   solvent   to   make   crystals   grow   at   the   liquid/liquid   interface ,   are   two

widely   used   methods   to   create   large   sized   single   crystals   that   can   satisfy   many

applications and measurements, such as THz generation and X-ray diffraction (XRD)

analysis,   but   these   methods   usually   take   a   long   time.   Re-precipitation   (by   quick

injection a solution of the compound into a poor solvent to quickly mix them) and

drop-casting, by dropping a solution onto a flat surface followed by evaporation of

the   solution,   are   two   popular   methods   that   can   quickly   afford   high-quality

microcrystals for the application of nanophotonics .

The synthesis of the 4-DBpFO compound has been described in previous work .

Both the  α  and  α’  phase crystals were grown via a self-assembly method, in which

the   compound   precipitates   from   the   diffusion   of   a   bad   solvent   (heptane)   into   a

good   solvent   (chloroform).   The   good   solvent   indicates   high   solubility   of   4-DBpFO

compounds whereas bad solvent indicates low solubility. The best ratio of heptane

and   chloroform   is   1:6.   The   saturated   4-DBpFO   chloroform   solution   was   first

transferred   into   a   clean   vial,   then   the   heptane   was   carefully   dropped   onto   the

surface of  the solution.  As the density of  heptane (0.684 g/cm³)  is   lower than that

of   chloroform   (1.49   g/cm³),   a   clear   boundary   will   form   between   the   saturated

4-DBpFO chloroform solution with heptane on top. These prepared vials will be put

in   a   steady   closet   under   ambient   conditions.   As   chloroform   has   a   lower   boiling

point   (61.2   °C)   than   the   heptane   (98.42   °C),   the   chloroform   will   evaporate   faster.

During the evaporation of  chloroform,  these two solvents  will  mix  and reduce the

solubility of 4-DBpFO in the mixed solvents.  Therefore,  the molecules start to self-

assemble   itself   via   the   Van   der   Waals   and   hydrogen   forces,   and   form   solid   state

crystals. Well-defined parallelogram-shaped microcrystals with side lengths varying

from 50 to  100 μm are   formed after  2-3  weeks.  These crystals  are  often found on

the wall and the bottom of the vials.  

When preparing single crystals for measurements, one can use the bad solvents to

rinse the crystals off the vials, and then drop-cast the suspension with freestanding

microcrystals  onto glass  substrates.  When the bad solvent  completely  evaporates,

34,35

44

35

Chapter 230



crystals   are   left   on   the   glass   substrate,   attached   via   surface   tension.   The   single

crystals can be manipulated using a needle.

Figure 2.1. Vials for crystallization.

2.2 Crystal characterizations

In  general,   there are three ways to distinguish  α  phase 4-DBpFO crystals   from the

α′ phase: 

1. By examining the corner angles of a single crystal. If all of the four angles are 90

degrees (each adjacent side is normal to each other),  then it   is  α  phase. When the

angles are shifted from 90 degree (thus in a rhombic shape), then it is  α’ phase. 

2.  By  examining  the  color  of  emitted   fluorescence.  α  phase  crystals  emit   typically

green light whereas the α’ phase emits yellow light.  

3.   By   SCXRD.   This   is   the   most   precise   way   and   yet   the   most   effort-costing   way.

SCXRD can give you the alignment of atoms in a crystal lattice thus determining the

point  group  and  the  space  group  of   the  crystal.   In   this  way one  can easily  assign

the phase. 

2.2.1 Fluorescence microscopy

One of the ways to distinguish the  α  phase crystals from the  α′  phase crystals is by

examining   the   fluorescence   emission.   In   order   to   distinguish   the  α  phase   crystals

from   the  α′  phase   crystals,   a   fluorescence   microscope   (Leica   Systems   DM2500
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microscope)   is  employed with a  UV  lamp source.  At  room temperature,   these two

crystals   emit   different   colors   under   the   fluorescence   microscope:   The  α  phase

crystals   emit   green   color   fluorescence   whereas   the  α′  phase   crystals   emit   yellow.

The images acquired were also used to measure the lengths of the crystals, thanks

to the calibrated scale of this microscope corresponding to each objective.

2.2.2 Hot stage microscopy

To   identify   the   phase   transition   temperature   of   each   single   crystal,   a   hot   stage

measurement is necessary. In this thesis,  the hot stage microscope (Zeiss Axiolpan

2) is used to identify the phase transition temperature. It is equipped with a Linkam

hot   stage   (THMS600/HFS600   Temperature   Controlled   Stage,   Linkam   Scientific

Instruments)  and an Evolution VF Cooled Color  camera by Media Cybernetics.  The

temperature   range   of   this   system   is   from   -196℃   to   600℃,   which   covers   the

transition   temperatures   of   4-DBpFO   crystal   (around   190℃).   The   hot   stage   is

controlled by the Linksys32 software. It is possible to set the temperature in several

cycles   to   let   the   crystal   heat   and   cool   repeatedly.   In   this   way,   the   reversibility   of

this phase transition is tested.

2.2.3 Profilometry

The thickness of  single 4-DBpFO crystal  ranges from a few micrometers to tens of

micrometers.   It   is   thus   difficult   to   measure   the   thickness   with   AFM.   Instead,   we

used   the   Profilometry   method   to   measure   the   thickness   of   crystals.   In   the   lab   of

Applied   Materials   Science   group   at   Radboud   University,   there   is   a   Dektak   6M

Surface  Profiler  which  can  measure  the  thickness  of  samples  up  to  25.4  mm.  The

Dektak 6M provides the flexibility to perform precise step height measurements for

thin   films   down   to   less   than   10   nm,   as   well   as   thick-film   measurements   up   to

several   hundred   microns   thick.   The   conceptional   scheme   of   the   Profilometer   is

shown   below   in   Figure 2.2.   A   typical   thickness   measurement   result   is   shown   in

Chapter 3 Figure 3.10.
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Figure 2.2. Profilometry setup from Nanoscience Instruments. 

2.2.4 Single crystal X-ray diffraction

Single crystal X-ray diffraction (SXRD) measurements were collected on a Bruker D8

Quest   diffractometer   with   sealed   tube   (Mo Ka   radiation)   and   Triumph

monochromator. The software package Saint was used for the intensity integration.

Absorption correction was performed with SADABS. The structures were solved with

direct   methods   using   SHELXT.   Least-squares   refinement   was   performed   with

SHELXL-2014 against   of all reflections.  

2.3 Experimental techniques and setups

2.3.1 Raman spectroscopy setup

Polarized   Raman   spectra   were   recorded   with   a   micro-Raman   Horiba   LabRAM   HR

Evolution   system   in   the   20–2500   cm   spectral   range   at   the   Department   of

Chemistry, University of Coimbra, Portugal. Excitation was provided by a HeNe laser

(λ   =   633   nm,   vertically   polarized)   which   was   focused   on   the   sample   by   a

microscope   objective   (×50   and   ×100).   The   laser   power   at   the   sample   was   kept   at

around   1.7   mW,   minimizing   the   local   heating   of   the   sample   that   may   cause

degradation.   The   collection   time   was   set   to   10   s   with   10–30   accumulations

averaged  to  produce  the   final  spectra.   In  order   to  collect   the  polarized  spectra,  a

half-wave   polarization   rotator   (Horiba–Jobin–Yvon)   was   used   to   change   the

polarization   of   the   incident   light   by   90°   and   a   CorePol   P-500-1000   polarizer

F∣ h
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(Horiba–Jobin–Yvon)   was   used   to   select   the   component   of   the   scattered   light   to

collect.   The   signal   was   dispersed   using   an   1800   g·   mm   grating   with   a   spectral

resolution   of   0.4   cm .   The   wavenumber   calibration   was   performed   using   the

characteristic Si wafer band at 520.5 cm .

To   perform   temperature-dependent   Raman   measurements,   a   temperature-

controlled   heating   stage   THMS600   (Linkam   Scientific)   was   used   with   an   accuracy

of 0.1℃.  

The   vertical   (denoted   as   V)   input   polarization   was   parallel   to   the   crystallographic

a-axis,   while   the   horizontal   (denoted   as   H)   input   polarization   was   parallel   to   the

crystallographic   c-axis   (see   Figure 2.3).   The   input   polarization   is   by   default

Vertically   polarized,   and   can   be   tuned   into   Horizontal   polarization   by   applying   a

half-wave   plate   as   shown   in   Figure   2.3.   An   analyser   was   installed   in   front   of   the

detector  so  that  only  certain  polarization  (V  or  H)  scattered   light   is  allowed  to  go

into the detector.

Figure 2.3. Schematic set up of the Raman experiment. 

The black and blue traces correspond to the incident and scattered beams, respectively.  The double

arrows represent the direction of the polarization of the beam, classified as horizontal (H) and vertical

(V)  in the reference frame of the laboratory.  The depicted Cartesian vectors,  a,  b,  and c,  refer to the

crystallographic axes. (adapted from )
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2.3.2 Birefringence setup

Figure 2.4. Home-built setup to measure the wave retardation of the 4-DBpFO crystal. 

The red laser source was a cw HeNe laser centered at 632.8 nm. Two polarizers are

set before and after the sample with crossed polarizations (-45° and 45°).  A photo-

elastic   modulator   (PEM)   is   employed   to   modulate   the   phase   of   the   propagating

beam   with   setting   as   λ/2   (functioning   as   a   half-wave   plate).   The   polarization

rotation of the output beam is registered on a photo-diode detector and converted

into retardation value via the Lock-in amplifier. A white light source was employed

to visualize the sample and the position of the sample was corrected by moving a

X-Y translational stage during heating and cooling. The temperature on the sample

was   controlled   by   the   LakeShore   340   Temperature   Controller  with   a   home-built

heating head.

The  PEM retardation  was  set   to  2.405   radians.  With   this  setting   the  DC  voltage   is

constant and does not depend on the orientation of the analyzer, and sample. With

a lock-in amplifier  the retardation (birefringence of  the sample)  can be measured.

With  A   =   2.405,   J (A )   becomes   0   and   the  magnitude  of   the   retardation   can  be

determined by the following formula:

.

,     is the lock-in voltage at the frequency of the PEM and 

is the DC voltage. To measure the retardation magnitude, rotate the sample so that

the     is  maximum which indicates that the fast axis of the sample is parallel  to

the PEM optical axis.

0 0 0

δ = sin−1 (
J 2.405rad2 1( )

1
V DC

V 1f )
J 2.405 =1 ( ) 0.52 V 1f V DC

V 1f
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Another   method   to   determine   the   retardation   magnitude   is   when   the   sample   is

fixed. Then with the analyzer at -45 degrees, the calculated retardation is   .  Then

rotate the analyzer to 0 degrees and call this retardation   . Then the magnitude of

the retardation can be calculated as    and the angle of the fast axis of

the sample can be calculated from:  .

Jones Matrices calculation for the retardation measurements above:

Simplifying  the  calculations  we  will  start  with  a   linear   input  polarization  which   is

polarized at a 45 degree angle:

The polarization of the light after passing through the PEM (where the optical axis

of the PEM is  along the x-axis of  the lab frame) can be described by the following

Jones matrix

where   ,   and   A   is   the   amplitude   of   the   modulation.   The   amplitude

depends on the thickness of the optical element inside the PEM and the difference

in the refractive index along the fast and slow axis. This shows that by changing the

amplitude A to the right settings,  the PEM can act as a λ/2 or λ/4 wave-plate.  The

operating frequency of the PEM used in this thesis is 50 kHz.

After   the  PEM,   the   light  passes  through  the  sample.  Since  we  would   like  to  know

the optical properties of the sample we will  take the Jones matrix for an arbitrary

birefringence material:  

Here     is the phase difference between by the fast and slow axis and  

is the angle between the fast axis and the x-axis (horizontal) within the lab frame.

Then when the light passes through the second polarizer,  positioned a -45 degree,

the Jones matrix is defined as:  

δ1

δ2

δ = δ + δ1
2

2
2

θ = tan2
1 −1 (

δ1

δ2 )

P = .in
2

1 [ 1
1

]

M = ,PEM [ 1
0

0
M

]
M = eiAsin(2πft)

M = es
− 2

iη [ cos θ + e sin θ2 iη 2

1 − e e cosθsinθ( iη) iϕ
1 − e e cosθsinθ( iη) −iϕ

sin θ + e cos θ2 iη 2 ]
η = ϕ −x ϕy θ
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The output polarization is then defined as follows: 

In   the   case   of   a   birefringence   measurement,   the   orientation   of   the   fast   and   slow

axis   of   the   sample   must   be   known   first.   This   can   be   determined   by   rotating   the

sample to find the maximum signal.  For the purpose of this paragraph we assume

the orientation of the birefringence of the sample to be known and this will be set

to be   The output polarization is then simplified to:

The output polarization is then defined as follows: 

The input polarization at a 45 degree angle:  

Then when the light passes through the second polarizer,  positioned a -45 degree,

the Jones matrix is defined as:  

2.3.3 Absorbance setup

When continuous radiation passes through a transparent material, a portion of the

radiation may be absorbed. If that occurs, the residual radiation, when it is passed

through a prism, yields a spectrum with gaps in it, called an absorption spectrum .

M =pol 2
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P = M M M Pout pol s PEM in

θ = 0.

P =out
2 2

1 [ 1 − ei 2πft+η( )

−1 + ei 2πft+η( ) ]

P = M M M Pout pol s pol in
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In  practice,   the spectrum is  often recorded  in  the ultraviolet-visible  range (UV-vis)

as   a   plot   of   absorbance   versus   wavelength .   Since   the   present   work   focuses   on

spectra   expressed   explicitly   in   terms   of   absorbance,   we   will   use   the   term

absorbance spectrum throughout this thesis.

The absorbance spectrum of 4-DBpFO in solution has been obtained and presented

in   Figure   3.3a).   The   solution-phase   spectrum   can   serve   as   a   reference   for

comparison with the solid-state spectrum. In the condensed phase, the absorption

bands   of   the   same   compound   can   exhibit   peak   shifts   due   to   restricted   molecular

rotations   and   vibrations .   To   investigate   the   most   prominent   absorption   features

of   4-DBpFO   single   crystals   in   the   visible   spectral   range,   a   home-built   setup   was

employed,   as   illustrated   in   Figure   2.5.   The   resulting   absorbance   spectrum   is

presented in Figure 5.1.

During   the   experiment,   the   micro-sized   4-DBpFO   single   crystal   (depicted   as

transparent square-shaped plates with yellow color  in Figure 2.5)  was placed on a

glass substrate. When light passes through the sample, attenuation occurs primarily

due   to   the   absorption   in   the   crystal.   However,   additional   losses   from   reflection,

scattering,   or   absorption   in   the   glass   substrate   may   also   affect   the   results.   To

compensate   for   these   effects,   the   transmitted   power   through   the   sample   and

substrate   ( )   was   compared   with   the   transmitted   power   through   the   identical

substrate alone ( ). The experimental transmittance is thus defined as:  

The absorbance can then be calculated according to Beer-Lambert’s law:

46
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Figure 2.5.  Home-built  setup for  measuring the absorbance spectrum of  4-DBpFO single  crystals  at

room temperature. 

The  accessible  spectral  range  is  determined  by  the  selected  light  source  of  the  DH-2000  lamp:  the

deuterium  lamp  covers  215-400  nm,  while  the  halogen  lamp  covers  360-1700  nm.  For  the  spectrum

shown in Figure 5.1, the halogen lamp was used, providing coverage from 360 to 1050 nm. The focusing

lens allows adjustment of the beam spot size, enabling measurements on crystals of different sizes.

2.3.4 FLARE setup

The FLARE beam is generated by a free electron laser in the institute of HFML-FELIX,

Radboud   University.   FLARE   operates   in   the   range   from   20-1500   microns   in   3   GHz

and   20   MHz   mode.   The   beam   contains   macro   pulses   (5 Hz)   that   each   consists   of

micro   pulses   (at   3 GHz   or   20 MHz).   The   pulse   width   of   the   macro   pulses   is

approximately   10μs   while   the   pulse   width   of   the   micro   pulses   is   estimated   to   be

~10   ps   for   the   3 GHz   mode.   In   our   experiment,   we   first   started   with   the   20 MHz

mode but   failed to  see anything.  The results  presented   in  Chapter  6  are  obtained

with the 3 GHz mode.
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Figure  2.6.  Home-built  microscope  setup  to  visualize  the  THz  induced  phase  transition  in  4-

DBpFO crystals.

FLARE: 5Hz macro pulses composed out of 3GHz micro pulses; 46-47 cm ; highest pump power reached

95±2.5  mW.  The direct  output  of  FLARE beam is  vertically  polarized.  An analyser  is  set  in  horizontal

polarization in front of the camera to detect the birefringence.

2.4 Pump-probe techniques

2.4.1 Optical pump-probe

In 1967, Armstrong and Shelton first demonstrated the utility of a pump and probe

technique   using   picosecond   optical   pulses.   A   train   of   intense   picosecond   pulses

was used to saturate the absorption of a Q-switching dye.  An attenuated image of

the   saturating   pulse   train   was   used   to   monitor   the   absorption   recovery   as   a

function of relative time delay between the pumping and probing trains of pulses.

Since the time of that experiment a number of techniques have been developed to

excite, probe, delay, gate and synchronize picosecond pulses.

-1
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Typically,   two   laser   pulses   are   needed   for   performing   time-resolved   experiments.

One strong pulse serves as pump to trigger the excited state of  a sample,  and the

other   pulse,   generally   10   times   weaker   in   power/fluence,   comes   in   as   a   probe   to

register   the   optical   property   change,   after   a   specific   delay   time,   in   the   pumped

sample.   Based   on   the   geometry,   this   type   of   experiment   can   be   divided   into

reflection geometry and transmission geometry.  In the transmission geometry one

can measure the transmission change or polarization rotation change, while in the

reflection   geometry,   the   reflectivity   and   phonon   oscillations   are   normally

the interest.

The time delay between pump and probe is defined by two factors: repetition rate

of   the   ultrafast   laser   pulses   and   the   precision   of   a   mechanical   delay   stage.   The

mechanical   precision   of   the   delay   stage   defines   the   time   resolution   that   we   can

achieve in pump-probe experiments, as the time resolution Ts = D/c, where D is the

smallest  unit  of   the delay  stage and the c   is   light  speed.  The smallest  unit  of  our

delay  stage  is  0.05  mm, which   is  corresponding  to  a  time resolution  of  50   fs.  The

repetition   rate   of   the   laser   source   is   1   KHz,   which   means   that   there   is   one   pulse

output per millisecond with a pulse length of 80 fs.  The pulse length and the time

resolution together determine the fastest dynamics we can detect on the setup. 

2.4.2 Home-built pump-probe setup

The   ultrafast   pump-probe   experiments   in   transmission   geometry   were   performed

with a Ti:  sapphire amplified laser (Spitfire Ace) of 800-nm pulses for a duration of

80 fs at a 1 kHz repetition frequency. The pump was impinging at an angle of 20° to

spatially separate from the normal incident probe beam. The pump and probe spot

sizes were determined by knife-edge measurement (an example see Figure 2.8). The

pump and probe pulses were set to be cross polarized and the transmitted signal is

sent to a home-made balanced detector .

Regeneratively amplified pulses from a Ti: sapphire laser at a wavelength of λ = 800

nm and a repetition rate of 1 kHz are used in this study. Each pulse had a Gaussian

intensity profile, with a full width at half maximum of 80 fs. The probe laser pulses

were   incident   normal   to   the   sample   surface,   so   that   the   correspondence   of   the

orientation of crystallographic axes and the polarization of the probe beam can be

easily resolved. The beam was focused down to a 40 μm spot and the laser-induced

transmission changes are studied at various temperatures. The sample was put on

a glass substrate and exposed to air.

48
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Figure  2.7.  Home-built  optical  pump-probe  setup  and  the  crystallographic  geometry  on  the

sample holder. 

a)  A  laser  beam  was  split  into  two  beams  by  a  polarized  beam  splitter,  where  a  beam  with  strong

power serves as pump beam and the beam with a relatively weak power serves as a probe beam. The

setup  is  built  in  a  geometry  where  both  transmission  and  reflection  experiments  can  be  done.  The

transmitted/reflected photons fall on a photodiode/home-built balanced detector. The wavelengths of

both  pump  and  probe  are  interchangeable  by  using  a  nonlinear  crystal  BBO.  The  time-resolved

measurements can achieve a resolution as small as ~100 femtoseconds, depending on the output pulse

width  from  the  laser.  The  stable  output  wavelength  is  centered  at  800  nm.  b)  The  orientation  of

crystallographic  axes  of  4-DBpFO single  crystal  on the sample  holder.  The crystallographic  b-axis  is

along the incident pump beam direction, perpendicular to ac plane. c) The relative orientations of the

optical setup and the sample holder. X direction is parallel to the optical table and the Y direction is

perpendicular to the optical table. Z direction is parallel to the pump beam direction (perpendicular to

the  sample  holder).  The  sample  holder  is  adjustable  in  all  X,  Y,  and  Z  directions.  Besides,  it  is  also

rotatable up to 360°, giving enough space for placing the micro-sized crystal properly on the setup. The

sample  holder  is  also  connected  with  a  home-built  heating  head  so  that  a  temperature-dependent

measurement can be achieved with it.
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2.4.3 Knife-edge method

Considering the laser pulse as a Gaussian shape beam, to measure the beam waist

of the pulse, one can use the knife-edge method.

The beam is focused by a lens and the beam waist is the diameter of the Gaussian

beam at the focal point. At a distance of  z  from the position of the focal point, the

beam is progressively covered by a knife edge (a blade) and the transmitted power

is registered as P . P is at its maximum (P ) when the beam is not covered by

the blade and its minimum (P ) is reached when the beam is completely covered by

the  blade.  All   the  visited  scanning  position  of   the  blade   is   registered  as  x  in  mm.

One   curve   of   P   as   a   function   of   x   can   be   obtained   and   can   be   fitted   by   an   error

function stated in equation 2.1 (see Figure 2.8a).  

where  P  is  the transmitted power in the unit  of  watt,  P   is  the background power,

P   is   the   maximal   power,  erf  is   a   standard   error   function,  x  is   the   position   of

knife edge.

After   fitting,   one   can   obtain   a   central   position  x   of   the   blade   where   the   beam

radius r sits. Note that beam waist (diameter, 2r) is twice of the beam radius.

Figure 2.8. a) A typical curve obtained during the measurement by the knife-edge method. The red line

is the fitting by an error function stated in equation 2.1. b) The Gauss fit of beam radius obtained by

error function fitting in a). 

Repeat this for several  z  positions around the focal point, and register the  z  values

in order to find the precise focal point. Plotting the calculated  r  as a function of  z,

one can define the precise focal point using a Gauss fitting (see Figure 2.8b). Figure
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2.8 shows a typical knife-edge result measuring the beam radius of a probe beam.

The results  show that the focal  point   is  at  z=0 mm where the beam waist  reaches

its   minimum   of   65   μm.   The   area   where   the   laser   pulse   was   focused   can   be

calculated   as   πr .   From   here   on,   one   can   calculate   the   fluence   when   the   laser

power and pumping area are known (see section 2.4.4 for fluence calculation).

2.4.4 Fluence calculation

Based   on   the   intensity   profile   of   the   laser   spot,   the   fluence   can   be   calculated   in

different ways.  In the first  method we assume the laser spot has a flat-top profile,

which means that  the energy  is  distributed homogeneously  over  the area A.  Then

the fluence is calculated using the formula: 

In  the other  method,  the  laser  spot   is  assumed to have a  gaussian profile.   In  this

case,   the   energy   is   not   distributed   evenly   over   the   area   and   it   is   therefore   not

possible   to   get   a   single   fluence   value   representing   the   whole   beam   spot   area.

Above certain pump power, the sample will be burned immediately upon pumping.

Therefore,   valid   optical   measurements   should   stay   below   the   laser   damage

threshold (LDT)  of  the sample system. The LDT is  defined by the peak fluence.  To

calculate the peak fluence we use the formula: 

where P is the power and r  is the radius of the pump beam. 

2.4.5 THz pump-optical probe

The terahertz  frequency range falls   in  between the infrared and microwave region

of the electromagnetic spectrum (0.1 THz to 10 THz) and it shares some properties

with   each   of   these .   Many   common   materials   and   living   tissues   are   semi-

transparent   for   THz   radiation   and   have   “THz   fingerprints”,   allowing   the   ease   of

imaging, identification, and analysis. Nowadays, there are several ways to generate

single   or   few   cycle   THz   pulses   using   femtosecond   lasers:   photoconductive

switches ,   the   photo-Dember   effect   and   NLO   rectification   in   inorganic   and

organic  crystals .  Here we want  to emphasize  the technique of  THz generation

using optical  rectification in molecular crystals that offer relatively simple ways to
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obtain THz table top systems. Optical rectification is the result of the second order

NLO process of difference frequency generation in which two incoming photons of

the same frequency lead to a "zero" frequency response (ω = ω - ω = 0).  Due to

the finite bandwidth of   fs   laser  pulses (a 100 fs  pulse at  800 nm corresponds to a

width   of   4.5   THz),   a   THz   response   is   generated   in   the   material .   There   is   an

astonishing amount of organic materials which can be used for THz generation. The

list   of   widely   used   compounds   includes   DAST ,   DSTMS ,   OH1   and   HMQ-

TMS .   As   each   of   these   materials   only   cover   a   part   of   the   THz   spectrum   of

interest,   there   is  an  ongoing  search   for  new  materials   that  can  efficiently  convert

higher frequency light into the THz-frequency range. 

High-power   THz   radiation   is   needed   to   drive   the   structural   phase   transition   in

thermosalient   organic   crystal   4-DBpFO .   While   several   MV/cm   of   peak   THz   field

intensity can be achieved by using organic nonlinear optical crystals , here we

employed   tilted-pulse-front   optical   rectification   in   LiNbO   to   generate   intense

nearly single-cycle THz pulses  to achieve peak intensities of 1 MV/cm. 

Figure 2.9. a) THz pulse waveform; b) Corresponding Fourier spectrum. 
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Figure 2.10. Conceptual scheme of THz pump-optical probe setup. 

To   generate   the   strong   THz   pulse,   an   amplified   Ti:saphire   laser   system   was

employed   with   a   central   wavelength   of   800   nm   and   a   pulse   duration   of   100   fs,

operating at a repetition rate of 1 kHz. The tilted pulse front for the THz generation

was created using a diffraction grating. The peak amplitude of the THz electric field

was  around  1  MV/cm  (Figure  2.9a).  The  THz  spectrum  of   the  pulse  was  peaked  at

around 0.8 THz with the FWHM of 1.0 THz (Figure 2.9b), covering the low frequency

spectrum (1.0 -  1.6 THz)  that  is  of   interest   in this  project.  Using a set  of  parabolic

mirrors,  the generated THz beam was expanded,  collimated and focused onto the

sample   with   a   spot   size   of   ~300  μm.   The   probe   pulse   is   directed   through   a   small

hole in the parabolic mirror onto the sample and the THz induced rotation change

θ  of   the   800   nm   probe   beam   is   detected   with   a   balanced   detector   (Figure   2.10).

This setup can also be used to detect THz induced SHG by introducing a color filter

to block 800 nm and only transmit 400 nm. Although the thermosalient  α  phase 4-

DBpFO   features   a   centrosymmetric   structure,   non-zero   SHG   signal   can   still   be

detected by breaking the spatial   inversion symmetry with external  electric  field of

the   THz   pulse.   This   is   so-called   THz   electric   field   induced   Second   Harmonic

Generation   (TSHG) .   In   Chapter   6,   it   shows   that   TSHG   can   also   be   an   effective

parameter   for   characterizing   the   structural   phase   transition   in  α  phase   4-

DBpFO crystals.
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Chapter 3

Temperature dependent optical
birefringence and fluorescence of two
polymorphs of 4-DBpFO 

In this Chapter,  the temperature-dependent optical  birefringence and fluorescence

are   measured   in   two   orthorhombic   phases   of   the   molecular   crystal   4-DBpFO.

Though   both   structures   show   a   similar   lattice   thermal   expansion,   their

temperature-dependent   birefringence   value   changes   are   very   distinct.   The   polar

structure   (α’-phase)   with   parallel   in-plane   dipoles   demonstrates   a   nonlinear

birefringence   value   rapidly   decreasing   with   temperature.   On   the   other   hand,   the

non-polar   thermosalient   structure   (α-phase)   with   anti-parallel   in-plane   dipoles

shows   a   quite   stable   birefringence   value   in   static   measurements.   A   clear

birefringence   change   is   observed   in   a   dynamic   pump-probe   measurement   in   the

vicinity of the phase transition temperature where the lattice undergoes a large and

sudden   anisotropic   in-plane   expansion.   The   results   show   structure   related

temperature-dependent   birefringence   changes   for   both   crystals.   Moreover,   the

birefringence change is  proven to be a reliable probe parameter for characterizing

the   structural   phase   transition   in  α  phase   4-DBpFO   crystals.   The   fluorescence

shows   a   typical   temperature   dependence   with   no   clear   relation   to   the   structural

change during the phase transition in α phase 4-DBpFO crystals.

Parts of  this  chapter are adapted from: X.  Li,  et  al.  “Temperature dependent optical

birefringence of two polymorphs of 4-DBpFO” (in preparation)



3.1 Introduction

Birefringence, arising from the difference in value of the refractive index along two

directions   of   an   optically   anisotropic   material,   is   a   very   common   phenomenon   in

non-cubic crystalline structures . As birefringent crystals play an important role in

many   optical   elements  such   as  optical   filters ,  wave  plates ,  polarizers ,   and

various   nonlinear   optical   components ,   a   lot   of   research   has   been   devoted   on

developing   anisotropic   crystals   with   large   birefringence   values,   through   a

combination   of   both   molecular   packing   and   molecular   polarizability .

Nevertheless,   the   temperature   dependence   of   the   birefringence,   which   is   very

important   for   many   optical   applications,   has   been   rarely   considered.   Anisotropic

crystals   having   thermal   sensitive   or   insensitive   birefringence   values   are   both

valuable   for   many   optical   applications.   For   example,   anisotropic   crystals   with

thermal  stable birefringence are required  in  designing optical  elements  applied  in

extreme   environments   with   large   temperature   variations .   On   the   other   hand,

temperature   sensitive   birefringent   crystals   can   also   find   applications   such   as   a

temperature   tunable   retardation   wave   plates .   In   such   non-centrosymmetric

crystals, phase matching for optical second harmonic generation can also be easily

achieved through temperature tuning . 

Due to thermal induced lattice expansion and molecular vibrations/rotations which

can   modify   the   anisotropy   of   the   crystal   permittivity,   temperature   variations   can

thus   affect   the   birefringence   of   anisotropic   crystals .   An   extreme   situation

occurs   at   the   point   of   a   structural   phase   transition,   where   the   molecular   packing

undergoes   an   abrupt   change,   and   thus   may   result   in   a   sudden   change   in   optical

anisotropy .  Here,  we  studied  the  temperature-dependent  birefringence   in   two

layered-polymorphs   of   the   compound   4-DBpFO .   Although   the   two   structures

are   possessing   similar   crystal   habits,   both   having   an   orthorhombic   crystal

symmetry,   their   temperature-dependent   birefringence   is   quite   different:   one

structure (α-phase) shows quite stable birefringence up to its  thermosalient phase

transition,   where   it   changes   suddenly,   while   the   other   (α’-phase)   demonstrates   a

deceasing   birefringence   with   temperature.   Our   results   show   that   the   molecular

packing plays a crucial role in affecting the temperature-dependent birefringence in

the studied organic molecular crystals.  

3.2 Crystalline structure of α and α’ phase 4-DBpFO

Molecular 4-DBpFO contains a fluorenone center with two phenyl rings at each end,

which   can   rotate   freely   around   their   linked   single   bounds.   Due   to   the   molecular
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symmetry, the permanent dipole of a mirror symmetric molecule is always parallel

to   the   carbonyl   group   and   toward   the   oxygen   atom ,   independent   of   the

magnitude of the dihedral angles between different planes. Because of this flexible

molecular configuration, the compound can exist in several crystalline forms in the

solid state.  The studied crystalline structures  are the  α-phase (Figure 3.1)  and the

α’-phase   (Figure   3.2)   of   molecular   4-DBpFO   with   space   groups  Pnma  and  Cmc2 ,

respectively.   Both   structures   are   orthorhombic,   showing   similar   thin   plate-like

morphologies at room temperature. When white light passes through such micron-

sized   thin   crystals   that   are   positioned   between   two   crossed   polarizers   of   a

polarization   microscope,   most   of   them   demonstrate   a   monochrome   birefringent

color   (Figure   3.1a and   3.2a).   The   monochromaticity   of   the   birefringent   color

indicates   a   uniform   thickness   of   these   crystals,   which   facilitate   the   in-plane

birefringent measurement and application. Moreover,  although the molecule has a

weak   visible   absorption   between   400   and   500   nm,   visible   light   vertically   passing

through a plate-shaped crystal is hardly absorbed in both phases (Figure 3.3). This

is   due   to   the   fact   that   the   molecular   transition   dipole,   which   is   parallel   to   the

molecular   long   axis,   is   oriented   perpendicularly   to   the   surface   plane   of   the   plate

crystals in both phases . Therefore, absorption in the visible light range will hardly

affect their birefringence measurements. Even though both shapes of the as-grown

crystals   are   rhombus,   the  α-   and  α’-phase   can   be   easily   distinguished   from   the

slight difference in their corner angles. The in-plane cell lengths of the  α-phase are

6.8552(6)  Å   (crystallographic-a  axis)  and 6.9557(6)  Å   (crystallographic-c  axis)  while

they are 6.629(2) Å (crystallographic-b axis) and 7.2402(3) Å (crystallographic-c axis)

in the  α’-phase,  which makes the corner  angles of  the rhombic-shaped crystals  of

the  α-phase   to   be   90.8º   and   89.2º   while   they   are   95.0º   and   85.0º   in   the  α’-phase,

respectively.   Molecules   in   both   structures   are   layered   packed   along   the   normal

direction (crystallographic  b- and  a-axis in the  α- and  α’-phase, respectively) of the

thin   plate-shaped   crystals.   Therefore,   all   the   molecular   permanent   dipoles   are

oriented   in-plane,   parallel   to   the   layer   planes,   and   the   intermolecular   forces

between   adjacent   layers   mainly   arises   from   dipole-dipole   interactions.   However,

there   is   a   main   difference   between   the   two   phases:   the   molecular   permanent

dipoles in adjacent layers orient in opposite directions in the  α-phase (Figure 3.1b

and 3.1c)  while  they point  toward the same direction  in  the  α’-phase (Figure 3.2b

and   3.2c).   This   difference   in   dipole   orientations   endows   the  α-phase   with   a   non-

polar structure and the α’-phase with a polar structure, respectively.  
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Figure 3.1. Crystal structure and morphology of the α-phase.

a)  Birefringence  microscope  image  of  an  as-grown  crystal.  The  inset  shows  the  direction  of  the

polarizer  (P)  and  analyzer  (A);  b)  In-plane  ((101)  plane)  molecular  packing.  The  grey  dotted  frame

outlines the crystal shape. The green dotted line shows the direction of the fast and slow optical axes

which are parallel to the crystallographic-c and -a axes, respectively; c) Molecular packing along the

normal  direction  of  the  crystal.  The  arrows  demonstrate  the  antiparallel  permanent  dipoles  in

neighboring layers. 
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Figure 3.2. Crystal structure and morphology of the α’-phase.

a)  Birefringence  microscope  image  of  an  as-grown  crystal.  The  inset  shows  the  direction  of  the

polarizer  (P)  and  analyzer  (A).  b)  In-plane  ((011)  plane)  molecular  packing.  The  grey  dotted  frame

outlines the crystal shape. The green dotted line shows the direction of the fast and slow optical axes

which are parallel to the crystallographic-c and -a axes, respectively; c) Molecular packing along the

normal  direction  of  the  crystal.  The  arrows  demonstrate  the  parallel  permanent  dipoles  in  two

neighboring layers.
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Figure 3.3. a) Optical absorbance of 4-DBpFO in chloroform solution (1× 10 M); b) and c), Fluorescent

microscope  images  of  the  α  phase  4-DBpFO  crystal  ‘lying’  (a)  and  ‘standing’  (b)  on  the  substrate.

Because  the  molecular  transition  dipoles  are  all  perpendicular  to  the  crystal  top  plane,  transition

dipoles can hardly be excited when the crystals are ‘lying’ on the substrate. 

3.3 Anisotropic optical transmission in α phase 4-DBpFO

Figure 3.4. Anisotropic transmission at 800 nm obtained from α phase 4-DBpFO single crystal. 

a)  A  sketch  of  transmission  geometry  setup  where  the  probe  beam  is  transmitted  perpendicularly

through the crystal and falls on the photodiode detector. The polarization of the probe beam was tuned

by rotating a half-wave plate. b) Measured transmission (dots) fitted with a sine wave function (solid

line) with a period of 46.2 ± 0.8 degree. The transmission is largest when the polarization of the probe is

P-polarized, being parallel to the crystallographic c-axis, whereas the signal is lowest when the beam

is parallel to a-axis. 

-4  
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The S-polarized  incident  beam is  parallel   to  the crystallographic  c-axis  and the P-

polarized incident beam is parallel to the crystallographic a-axis. We are measuring

in   the   transmission   geometry   as   indicated   in   Figure   3.4   a).   With   a   home-made

balanced-detector   we   are   able   to   acquire   both   the   transmission   and   polarization

rotation changes in this geometry.  

As   can   be   seen   in   Figure   3.4,   the   optical   transmission   of  α  phase   4-DBpFO   is

strongly anisotropic at room temperature. This anisotropy experiment is done in a

transmission   geometry   where   the   probe   beam   was   led   onto   the   sample   and

transmitted through it. The transmission is fitted with a sine wave function and the

maximum turns out to be at P-polarization, which is parallel to the crystallographic

c-axis (fast axis of the crystal).  

3.4 Fluorescence emission of α phase 4-DBpFO

For   organic   crystals,   the   fluorescence   (FL)   emission   is   often   related   to   the

crystalline structure . A structural change of the crystal lattice thus often leads to

a   color   change   of   the   fluorescence,   thanks   to   the   different   molecular   packings   in

the   crystal   lattice.   In   4-DBpFO   single   crystals,   the   crystal   structure   is   clearly

different   in   the  α  and  β  phases.   This   motivated   us   to   study   the   fluorescence

spectrum   of   this   crystal   in   the   different   phases.   A   sharp   change   upon   the

occurrence   of   the   structural   phase   transition   is   expected.   To   study   this,   the

temperature   dependent   fluorescence   was   studied   below   and   above   the   phase

transition. The results are presented in Figure 3.5.
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Figure 3.5. FL spectra of α phase 4-DBpFO and α’ phase 4-DBpFO at different temperatures.

FL  spectrum  of  a)  α  phase  4-DBpFO  and  b)  α’  phase  4-DBpFO  single  crystals.  All  spectra  were

normalized  by  the  maximal  intensity.  Central  wavelengths  of  the  FL  spectrum  as  function  of

temperature of c) α phase 4-DBpFO and d) α’ phase 4-DBpFO single crystals. The red solid lines indicate

linear fit. The error bars are obtained via peak fit of the spectra in a) and b).

The fluorescence emission spectra were obtained by exciting the crystal with a CW

laser   centered   at   405   nm   and   detecting   the   emitted   light   with   an   Avantes

spectrometer  assisted with  a  LakeShore 340 temperature  controller.  Both  α  phase

and  α’  phase 4-DBpFO crystals are examined and compared in Figure 3.5.  At room

temperature,   the   central   wavelength   of   FL   emission   for  α  phase   4-DBpFO   is   at

544 nm,   for  α’  phase  4-DBpFO   it   is  at  555  nm,   indicating  the  energy  difference  of

the excited states and the ground states in these two polymorphs. Upon heating up

to 469 K, the FL spectrum of each crystal showed a linear red shift with a spanning

range of 14 nm and 12 nm respectively (Figure 3.5c and 3.5d).  The red shift  of the

FL central wavelength can be fitted very well with a linear function up to 469 K. The

observed red shift is 0.07 nm/K with an error of 0.007 nm/K (Figure 3.5c).  This can

be   attributed   to   temperature   induced   lattice   expansion.   Besides,   the   spectra

became   noisier   at   higher   temperatures   for   both   phases,   as   can   be   seen   in   Figure

3.5a and 3.5b,  suggesting an unstable state at  high temperatures.  The intensity  of

the   original   spectra   for   both  α  and  α’   phase   was   reduced   upon   increasing

temperature, which is likely caused by non-radiative relaxation . 89-91
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Figure 3.6.  a) Temperature-dependent FL spectrum of  α phase 4-DBpFO in the vicinity  of  the phase

transition  temperature  of  around  463  K.  b)  The  central  wavelengths  extracted  from  the  spectra  are

located around 554 nm, showing no abrupt changes across the phase transition.  The error  bars are

obtained via peak fit of the spectra in a).

To prepare for   further  dynamic study of  the phase transition in  α  phase 4-DBpFO,

additional   FL   spectra   were   acquired   in   the   vicinity   of   the   phase   transition

temperature of  α phase 4-DBpFO. The phase transition temperature for this specific

crystal   was   determined   at   463   K   with   a   hot   stage   microscope.   However,   no

significant   spectral   change   was   observed   across   the   phase   transition,   as   can   be

seen in Figure 3.6a.  The central  wavelengths of  the FL spectra were extracted and

plotted in Figure 3.6b. It is nicely fitted with a horizontal linear function, suggesting

no frequency shift of FL spectra between the  α  and  β  phase 4-DBpFO. This finding

shows   that   FL   cannot   serve   as   a   probe   to   characterize   the   phase   transition   in

4-DBpFO in an optical pump-probe measurement.

3.5 Static birefringence of α and α’ phase 4-DBpFO

Crystals   with   orthorhombic   symmetry   are   optically   biaxial,   and   their   refractive

index can be described by an optical indicatrix with three principal axes parallel to

their crystallographic axes. For both the  α- and  α’-phase that have rhombic crystal

shapes,   two   crystallographic   axes   are   parallel   to   the   in-plane   diagonals   of   the

rhombus, while the other one is perpendicular to the surface of the crystals. When

rotating   such   a   rhombic   crystal   between   two   crossed   polarizers   under   a

polarization   microscope,   the   crystal   turns   dark   completely   when   its   two   in-plane

diagonals  are  parallel   to  the  polarizers.  This  means  that   the   in-plane  optical  axes

are   along   the   diagonal   directions,   which   is   consistent   with   the   crystal   structures

determined   from   XRD.   When   white   light   passes   through   a   crystal   placed   between

two   crossed   polarizers,   the   crystal   shows   birefringent   color   as   the   result   of   wave
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retardation   between   the   two   in-plane   optical   axes.   The   retardation   value   can   be

expressed by 

where     is the crystal thickness and Δn is the in plane birefringence value which is

determined by the difference between the refractive index along the fast and slow

axes. The fast optical axis is observed to be parallel to the crystallographic-c  axis in

the α-phase while it is parallel to the crystallographic-b optical axis in the α’-phase.

Figure 3.7. Birefringent color change of the α-phase (a) and the α’-phase (b) with temperature.

Interestingly,   when   single   crystals   are   heated   from   room   temperature   to   420 K

under   a   polarization   microscope,   the   birefringence   color   of   the  α-phase   stays

unchanged   (Figure 3.7a)   while   the   color   of   the  α’-phase   changes   rapidly   with

temperature (Figure 3.7b). This indicates that the wave retardation of the α-phase is

insensitive to the temperature while it is very sensitive to temperature variation in

the  α’-phase.   As   there   is   no   structural   phase   transition   below   420 K   in   both

structures,   a   structural   phase   transition   induced   birefringence   change   can   be

excluded   in   the  α’-phase.   The  magnitude   of   the   wave   retardation   change   as   a

function of temperature was determined by an optical bench setup equipped with a

photo-elastic modulator system (PEM) (refer to Chapter 2 Figure 2.4). Single crystals

were  positioned between two crossed  polarizers  which  were  oriented  at   -45°  and

45°   with   respect   to   the   PEM   retardation   axis,   respectively.   To   measure   the

maximum wave retardation, the fast axis of the microcrystals was oriented parallel

to the retardation axis of the modulator. A camera was used to calibrate the change

of crystal  positions during temperature variation.  The used light source was a He-

Ne   laser  with   a  wavelength  of   632.8 nm.  A   lock-in   amplifier   and  a  DC   voltmeter

were   used   to   detect   the  rms  voltage     of   the   detector   signal   at   the   PEM

R = d⋅Δn = n − n∣ f s∣

d

V 1f
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frequency and the average voltage  , respectively. The sample retardation value

in radians   was calculated by 

where     is a Bessel function of the PEM retardation     and    is the ratio of

 and 

Figure 3.8. Retardation (a) and calibrated birefringence value (b) as a function of temperature.

The   normalized   results   show   that   the   wave   retardation   of   the  α-phase   stays   very

stable upon heating (Figure 3.8a) up to the phase transition. On the other hand, the

value   of   the   birefringence   in   the  α’  phase   undergoes   a   strong   and   nonlinear

decrease   from   room   temperature   to   420 K.   As   the   thermal   expansion   along   the

normal   direction   of   the   crystal   will   slightly   increase   the   wave   retardation ,   this

effect   has   to   be   taken   in   account.   To   quantitively   determine   the   birefringence

change, the thermal expansion ratio along crystallographic axes was determined by

measuring  the  unit  cell  parameters  via  single  crystal  X-ray  diffraction   (Figure 3.9).

The   thermal   expansion   of   the   fast   and   slow   optical   axes   changes   linearly   in   both

phases,   which   can   be   expressed   by   the   Linear   thermal   expansion   coefficients   as

α=ΔL/(L·ΔT). Figure 3.8b shows a plot of Δn versus temperature after calibrating the

thermal  induced crystal  thickness changes.  The thicknesses of  the  α  and  α’  phase

refer to Figure 3.10. As the crystal is grown by self-assembly method, the surface is

not completely flat. The thickness used in calibration is averaged as the laser beam

covers  a   relatively   large  area  of   the  sample  surface.  The  Δn  of   the  α-phase   stays

constant at around 0.0033 in the measured temperature range while the Δn of the

α’-phase   undergoes   a   nonlinear   decrease   from   0.0055   at   room   temperature   to

V DC

ra

r = sina
−1 [

J A2 1 ( )

R1f ]

J A1 ( ) A R1f

V 1f V DC .
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0.0041   at   420 K.   As   the   magnitudes   of   the   thermal   expansion   ratio   are   very

approximate in both phases and the  α-phase even shows a larger anisotropy of in-

plane   thermal   expansion   ratio   than   the  α’-phase,   this   difference   in   their

temperature   dependent   birefringence   values   cannot   be   simply   explained   by   their

thermal   lattice   expansions   but   should   be   closely   related   to   their   differences   in

molecular packing. 

Figure 3.9. Thermal lattice expansion of the α-phase (a) and the α’-phase (b).

Figure 3.10. Thickness of a) α’ phase (8.8 μm) and b) α phase (18.6 μm) single crystals. 

3.6 Linear birefringence change across the

thermosalient phase transition in α phase 4-DBpFO

A   structural   phase   transition   with   a   large   shape   change   in   organic   crystals   will

result   in   an   abrupt   change   in   birefringence   because   of   the   molecular

rearrangement. The α phase 4-DBpFO crystal undergoes an abrupt large anisotropic

in-plane   shape   change   with   the   crystallographic  a-axis   shrinking   9.3%   and   the

c-axis expanding 6.9% . Therefore, a strong difference in birefringence is expected22
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to be observed before and after  the structural  phase transition.  Figure 3.11 shows

the birefringent change in the vicinity of the phase transition temperature, where a

hysteresis   loop   is   obviously   seen,   coinciding   with   the   first-order   nature   of   this

structural   phase   transition.   This   is   measured   with   a   polarized   probe   beam   going

through the  α  phase 4-DBpFO crystal  and the rotation of the probe polarization is

registered as birefringent change. The intensity of rotation change is converted into

the unit  of  degree.  The fitted phase transition temperatures  are  462 K for  heating

and 460 K for cooling processes. The fact that the rotation change recovers back to

its  original  value is   in  line with the fact  of  the reversibility  of  the structural  phase

transition   in  α  phase   4-DBpFO   crystal,   consolidating   the   reliability   of   using   the

birefringence   change   as   a   probe   parameter   to   detect   the   structural   change   in  α

phase 4-DBpFO crystals.

Figure 3.11. Polarization rotation change as a function of temperature.

The sample system is heating at a speed of 2 K/min. The raw data are registered as squares and dots

for heating and cooling respectively. The solid lines are the fitting results by error function. The y-axis

has been calibrated into rotation angles in unit of degrees.

3.7 Conclusion and outlook

In   summary,   we   reported   the   photoluminescence   and   birefringence   of   two

orthorhombic   crystal   structures   with   similar   crystal   habits,   being   assembled   from

the   same   compound   of   4-DBpFO,   but   showing   totally   different   birefringence

changes   with   temperature.   The   birefringence   value   changes   rapidly   with

temperature in the polar structure of  the  α’-phase which involves parallel  dipoles.

In contrast, it stays very stable in the  α-phase involving anti-parallel dipoles before
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the structural phase transition temperature. When the in-plane lattice undergoes a

significant   anisotropic   expansion   at   the   thermosalient   phase   transition,   the

birefringence   changes   suddenly.   These   results   show   that   the   temperature

dependent   birefringence   value   changes   are   independent   of   lattice   expansion   but

closely   related   to   their   molecular   packing.   The   distinct   behavior   of   temperature

dependent birefringence in the two structures of  the same compound provide not

only   a   reliable   probe   parameter   but   also   a   reference   for   designing   birefringent

crystal structures for various applications that involve temperature variation. 
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Chapter 4

Raman spectroscopic study of the
thermosalient phase transition in
4-DBpFO single crystals

The drastic shape deformation that accompanies the structural phase transition in

thermosalient   materials   offers   great   potential   for   applications   as   actuators   and

sensors, but the microscopic origin of this fascinating effect has remained obscure.

Here   we   present   direct   spectroscopic   evidence   of   the   role   of   specific   lattice

vibrational   modes   in   the   structural   phase   transition   in   the   robust   thermosalient

molecular   crystal   4-DBpFO.   Temperature-dependent   Raman   measurements

supported   by   molecular   dynamics   simulations   reveal   that   two   low   frequency

vibrational-librational   modes   are   directly   related   to   the   order   parameter   that

describes  this  phase transition.  These results  reveal   the  importance of  vibrational

modes in this structural phase transition and provide a new aspect on the research

of thermosalient effects and thermosalient material design. 

Part  of  this  chapter  is  adapted  from:  S.  Ghasemlou,  X.  Li,  et  al.  “Identifying  and

controlling  the  order  parameter  for  ultrafast  photoinduced  phase  transitions  in

thermosalient materials” Proc. Natl. Acad. Sci. U.S.A. 121 (46) e2408366121

and  from:  X.  Li,  et  al.  “Revealing  the  role  of  vibrational  modes  in  a  thermosalient

structural phase transition using Raman spectroscopy” (in preparation).



4.1 Introduction

Thermosalient   crystals   exhibit   drastic   shape   deformations,   which   may   lead   to

jumping   or   splitting,   once   they   experience   temperature   changes .   These

remarkable   properties   grant   them   great   potential   for   applications   in   actuators,

sensors and artificial muscles . The macroscopic drastic responses are the external

results   of   a   microscopic   solid-to-solid   structural   phase   transition   inside   these

crystals . However, these dramatic shape deformations often result in breaking,

separation,   or   explosion,   preventing   detailed   studies.   As   a   result,   the   underlying

microscopic   mechanisms   of   these   fascinating   structural   phase   transitions   have

remained largely unknown. Recent studies have demonstrated that  identifying the

mechanism of the solid-state phase transitions is not only an academic discussion

but also important for practical purposes. For a pharmaceutical agent, it is safer to

find a polymorphic form that does not undergo a cooperative phase transition since

the low energy barrier for the transition can be supplied in ambient conditions. In

organic   electronics,   however,   fast-reversible   transitions   give   access   to   forms   with

varying charge carrier mobility without destroying the structure .

Recently, a thermosalient crystal self-assembled from the fluorenone derivative 4-D

BpFO   (2,7-di([1,1'-biphenyl]-4-yl)-fluorenone)   was   reported   with   excellent

reversibility and robustness  of going from the low temperature α phase to the high

temperature  β  phase.   Moreover,   the   phase   boundary   appeared   controllable   by

finely   tuning   the   temperature ,   which   offers   the   unique   possibility   to   study   the

optical properties in both phases simultaneously.  

The thermosalient phase transition in 4-DBpFO is a temperature induced structural

transformation from an orthorhombic  α phase to a monoclinic β phase, resulting in

a   crystal   shape   change   from   square   to   rhombic   around   190℃   (see   Figure   4.1).

Single crystal  XRD revealed that this  phase transition is  accompanied by a change

of   the  dihedral  angles  θ  and  φ (indicated   in  Figure  4.2).  However,   the  origin  and

mechanism   of   this   structural   change   from   the  α  phase   to   the β  phase,   and   the

corresponding   transition   order   parameter   have   remained   largely   unknown,   not   in

the least because of the fragility of the materials.  
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Figure  4.1.  Shape  transformation  and  phase  boundary  propagation  of  4-DBpFO  single  crystal

upon heating.

a)  Square shape α phase single crystal  at  180℃.  The red line denotes the vertically  polarized input

laser  beam  and  the  blue  line  denotes  the  horizontally  polarized  output  beam.  A  phase  boundary  is

appearing from the bottom left edge, marked with a dashed purple line. The purple arrow points into

the  propagation  direction  of  the  phase  boundary.  b)  Transition  state  single  crystal  at  182.5℃.  The

phase  boundary  has  propagated  further  and  is  fixed  at  the  dashed  purple  line  position.  The  black

arrow indicates the line scan measurement direction from the α to the β phase. c)  Rhombic shape β

phase crystal at 188.4℃.  The red line marks the contracted crystallographic a-axis and the blue line

marks the stretched crystallographic c-axis. This means that the crystallographic a-axis is parallel to

the vertical polarization of the incoming laser beam (V||a) and the crystallographic c-axis is parallel to

the horizontal beam (H||c). Scale bar is 50 μm.

The images of the crystals were obtained with a built-in optical microscope, where

the structural phase transition is identified by the drastic shape deformation from a

square   shaped  α  phase   4-DBpFO   single   crystal   into   a   rhombic   shape  β  phase

crystal  at  188.4℃ .  Note that  the exact  phase transition temperature varies   from

crystal to crystal due to differences in size, thickness and impurities.

22
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Figure 4.2. Molecular conformation of α phase (top row) and β phase (bottom row) 4-DBpFO. 

a)  Crystal  lattice  viewed along the crystallographic  c-axis.  The permanent  dipole  (C=O double  bond

direction) is along the crystallographic a-axis and the transition dipole (the long molecule direction) is

along the crystallographic b-axis.  The blue arrow indicates the transition from the α phase to the β

phase.  The  yellow  shadow  points  out  the  phenyl  ring  that  rotates  during  the  phase  transition  b)

Zoomed in molecular conformation comparison before (top) and after (bottom) phase transition. The

phenyl rings on both sides of the fluorenone core are indicated with green (ring1 groups) and purple

(ring2  groups),  respectively.  The  fluorenone  core  is  colored  red.  The  dihedral  angles  θ  and  φ  that

accompany the phase transition are marked with black arrows, and their rotations are indicated with

gray  curly  arrows  in  the  β  phase,  suggesting  a  more  planar  molecular  structure  in  the  β  phase.

Crystallographic structures of these two phases are adapted from .

Previous   studies   on   thermosalient   phase   transition   using   Raman   spectroscopy

hardly   observed   differences   between   two   phases,   mostly   because   the   study

focused   on   the   molecular   features   which   are   above   200   cm ,   neglecting   the

vibrational   modes   at   low   frequencies .   Relative   Raman   studies   on   fluorenone-

based   molecular   structures   are   also   reported   in   the   mid-   and   near-   infrared

regions .   However,   the   typical   Raman   features   that   are   closely   related   to   the

structural phase transition are located at the far-infrared region, where the phonon

modes   are   active.   Therefore,   in   our   work,   we   will   mainly   focus   on   the   low-

frequency region of the Raman spectra.  

Here,   we   report   a   temperature   dependent   study   of   the   vibrational   modes   in

4-DBpFO   single   crystals   by   micro-Raman   experiments.   We   identified   two   low

frequency   lattice   vibrational-rotational   modes   that   exhibit   strong   broadening   and

blue   shifting   upon   the   thermosalient   structural   phase   transition.   Molecular

dynamics simulations allow us to identify these modes with rotations of the phenyl

rings   with   respect   to   the   fluorenone   centre,   consistent   with   the   observed   static

rotations of these rings in the new phase. In addition, we observe changes of some

other   modes,   consistent   with   the   change   of   symmetry   going   from   the   low

temperature   orthorhombic  α  phase   to   the   high   temperature   monoclinic β  phase.

These   results   show   that,   in   contrast   to   a   soft   vibrational   mode   behaviour   as   is

22

-1

20

95-97

Chapter 468



usually   observed   in   second   order   phase   transitions ,   this   first   order

thermosalient phase transition is induced by two rotational modes, the symmetries

of which are directly related to the new phase.

4.2 Polarization dependent Raman spectra

Polarization   and   temperature   dependent   Raman   experiments   were   performed   to

study   the  α  to  β  phase   transition   in   4-DBpFO.   The   polarization   dependent

measurements   assist   mode   assignment   with   respect   to   crystal   and   molecular

symmetries ,   whereas   the   temperature   induced   changes   aim   to   deduce   the

underlying mechanism and order parameter of the phase transition. 

The experimental set up was described in Chapter 2 Figure 2.3. In brief, we used the

Horiba   LabRAM   HR   Evolution   system   for   the   polarized   Raman   experiments.

The vertical (denoted as V) input polarization was parallel to the crystallographic a-

axis,   while   the   horizontal   (denoted   as   H)   input   polarization   was   parallel   to   the

crystallographic c-axis (see Figure 2.3 and 4.1). The input polarization is by default

vertically   polarized,   and   can   be   tuned   into   horizontal   polarization   by   applying   a

half-wave   plate,   as   shown   in   Figure   2.3.   An   analyser   was   installed   in   front   of   the

detector  so  that  only  certain  polarization  (V  or  H)  scattered   light   is  allowed  to  go

into the detector.  

In   a   molecular   crystal   with  N  atoms   per   molecule   and  Z  molecules   per   unit   cell,

each   atom   possesses   three   degrees   of   freedom   and   therefore   a   total   of   3NZ

vibrational modes are possible . In a single unit cell of 4-DBpFO crystal, there are

4   molecules.   Each   of   the   molecules   contains   62   atoms.   Therefore,   there   are   744

( ) normal modes of vibrations for the 4-DBpFO molecule, including

3 acoustic branches and 741 optical branches . Among the optical modes, part

of them are Raman active, and other infrared active. As both α  (Pnma) and 

β  (P2 /n) phases are centrosymmetric structures, the infrared-active modes cannot

be   present   in   a   Raman   spectrum .   Identifying   all   these   modes   is   not   only

extremely complex but also beyond the scope of this chapter, where we use Raman

spectroscopy   to   help   to   unravel   the   mechanism   of   the   thermosalient   phase

transition.  As that involves changes in the crystal  structure and symmetry,  we will

focus our attention to the low frequency (below 200 cm ) lattice vibrations. 
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Figure 4.3. Polarization dependent Raman spectra.

Measured Raman spectra of α phase at room temperature (left column), and β phase at 189.3℃ (right

column). The polarizations of input laser and scattered light are denoted on the right column for each

row. The raw experimental data are plotted as black solid lines with round circles. The Raman peaks,

as denoted in the bottom left figure, are fitted with Lorentzian functions and are plotted in different

colors. The cumulative fitted spectra are plotted in navy color and fit the raw data very well. Precise

peak wavenumbers can be found in Table 4.1.
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Phase Polarization Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7

α (RT)

VH 54.8 82.8 100.1 116.6 137.1 151.1 185.9

HV 55.6 82.9 102.5 116.6 137.3 151.2 186.0

VV 56.6 - 95.5 116.8 - 150.2 -

HH 56.0 - - 114.2 - - -

β (HT)

 VH 53.2 88.8 - 111.8 130.7 143.9 -

HV 55.2 88.9 - 111.5 131.2 143.7 -

VV 52.7 - - 111.2 132.4 - -

HH 45.2 - - 111.7 - - -

Table 4.1. A summary of Raman modes up to 200cm .

All the wavenumbers are extracted by fitting the raw data in Figure 4.3 with Lorentzian functions.

For  a  well-structured  solid-state  crystal,   the  polarized  Raman  spectrum  can  assist

mode assignment by diagnosing the behaviours of different modes under different

polarizations.   Figure   4.3   presents   the   raw   experimental   Raman   spectra,   including

their   Lorentzian   fits,   that   were   obtained   under   identical   experimental   conditions.

The   intensities   of   the   raw   data   indicate   the   relative   amplitudes   of   each   Raman

mode in each individual spectrum. The spectra are plotted starting from 50 cm   as

this   is   close  to   the   low   frequency  spectral   limit   (as  discussed   in  section   4.3).  The

peak positions of the fitted Raman modes are summarized in Table 4.1.

Analysis of the observed Raman modes.

Raman  active  vibrational  modes   can   be  divided   in   symmetric   (A)  and  asymmetric

(B) modes, where symmetric and asymmetric geometry relates to the movement of

corresponding   lattices.   The   Raman   scattering   probabilities   of   the   various   modes

can   be   described   by   scattering   matrices.   Based   on   the   point   group   symmetry   of

α phase   4-DBpFO,   D (mmm),   4   Raman   tensors   can   be   identified   as   stated

below : 

where  represents symmetric modes and ,  , and  represents asymmetric modes.
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Experimental configuration 

in Porto's notation

-Y(XX)Y ×

-Y(XZ)Y ×

-Y(ZZ)Y ×

Table 4.2. A schematic overview of potential Raman modes in a phase 4-DBpFO.

Based   on   the   experimental   configuration,   not   all   predicted   Raman   modes   will   be

observed. As shown in Table 4.2, only     and     modes can be seen in the back-

scattering   geometry   (Porto   notation   -Y(**)Y) .   A   modes   are   active   when   the

incident   polarization   of   light   is   parallel   to   the   output   polarization   (-Y(XX)Y   and

-Y(ZZ)Y) whereas B   modes are active when the input and output polarizations are

crossed (-Y(XZ)Y).  The -Y(XX)Y  and -Y(ZZ)Y  configurations  correspond to  VV and HH

polarizations   in   our   experiment,   and   (-Y(XZ)Y)   corresponds   to   HV   and   VH

polarizations. This suggests that the Raman spectra under HV and VH polarizations

should   be   identical,   which   is   confirmed   by   the   experimental   results   in   Figure   4.3

and the fitted results in Table 4.1. Moreover, the table also indicates that A   modes

and   B   modes   cannot   appear   in   the   same   configuration.   The   modes   that   are

present   in   parallel   polarization   are   A   (symmetric)   modes   (Peak   1   and   Peak   4),

whereas   the   modes   that   are   present   in   crossed   polarization   configuration   are   B

(asymmetric) modes (Peak 1, Peak 2, Peak 3, Peak 4, Peak 5, Peak 6, Peak 7) .

Peak 1 and Peak 4 seem to exist in both crossed and parallel  polarizations. Peak 1

appears   as   the   dominant   mode   in   parallel   polarizations   whereas   it   is   the   second

strongest   mode   in   crossed   polarizations.   The   co-existence   of   this   mode   in   both

configurations   may   imply   local   disorder   in   the   crystalline   material.   However,   the

intensity   of   Peak 4   is   remarkably   reduced   when   the   polarization   is   changed   to

parallel   (VV   and   HH   in   Figure 4.3).   The   appearance   of   this   mode   in   parallel

polarizations thus can be attributed to the exceptionally high intensity of this mode

which   is   not   effectively   eliminated   by   the   optical   filter   when   it   is   changed   to

parallel polarizations.

To conclude, in  α phase, Peak 1 is an    (symmetric) mode and the rest (Peaks 2-7)

are   (asymmetric) modes.
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Now let’s look at the β phase.

The point group of  β  phase 4-DBpFO is C (2/m), with the 2 corresponding Raman

tensors as stated below :

Experimental configuration 

in Porto's notation

-Y(XX)Y ×

-Y(XZ)Y ×

-Y(ZZ)Y ×

Table 4.3. A schematic overview of potential Raman modes in β phase 4-DBpFO.

Similar  to the  α  phase,  the modes that  are present  in parallel  polarization are  

(symmetric)   modes,   whereas   the   modes   that   are   present   in   crossed   polarization

configuration   are     (asymmetric)   modes.   According   to   Figure 4.3   and   Table 4.1,

two Raman modes (Peak 3 and Peak 7) disappear in the  β  phase. Peak 2, 4, 5 and 6

belong to     (asymmetric) modes as they only exist in crossed polarizations. Peak

1   is   the   dominant     (symmetric)   mode.   Peak   4   is   stronger   than   in   the  α  phase,

which is presumably related to scissoring motion of inner phenyl ring.

To compare with α phase, two asymmetric Raman modes (3 and 7) disappear in the

β phase, and the intensity of peak 4 becomes larger.

4.3 Temperature dependent Raman spectra

Temperature-dependent   Raman   spectra   were   measured   with   assistance   of   a

temperature controller.  The incident laser beam (633 nm) was by default vertically

polarized, which is parallel to the crystallographic a-axis (see Figure 2.3).  
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Figure 4.4. Temperature-induced spectral changes in VN polarization. 

The α phase 4-DBpFO single crystal was heated with intervals of 30℃,  from 27℃  to 190℃.  8 modes

were clearly visible at room temperature and they all exhibited a red shift upon heating up to 160℃.

This  crystal  transforms  to  the  β  phase  at  the  temperature  of  182.5℃.  A  sharp  blue  shift  of  the  106

cm mode, marked with red solid arrows, was observed upon the phase transition. The spectra were

normalized to 1 by the strongest intensity of each spectrum (at around 50 cm ). The red dashed boxes

are guides to the eyes to accentuate the blue and red shifts upon heating.

A   set   of   Raman   spectra   were   first   acquired   in   VN   polarization   as   a   function   of

temperature   (see   Figure 4.4).   In   general,   7   modes   can   be   identified   at   room

temperature, and all of them, to different extent, exhibit a red shift and broadening

upon   heating   up   to   160℃.   These   are   induced   by   normal   thermal   (expansion)

effects .  The  elevated  baseline   is  attributed  to   increasing   fluorescence  at  higher

temperatures.   Moreover,   two   abrupt   spectroscopic   changes   are   observed   in   this

polarization   at   the   highest   temperature   (190℃):   the   sudden   broadening   of   the

50 cm  mode and a sharp blue shift of the mode at 106 cm . These two significant

spectroscopic   changes   are   likely   to   be   closely   related   to   the   structural   phase

transition in 4-DBpFO that happened at 182.5℃ in this crystal.  

As can be seen in Figure 4.4, a strong spectral broadening occurs at the right hand

side   of   the   Raman   peak   near   50   cm   while   on   the   left   hand   side   the   spectra

overlap perfectly,  regardless of  temperature change.  On the one side,  the spectral

broadening carries interesting and important information on the structural change

between  α  phase to  the  β  phase 4-DBpFO crystal.  On the other  side,   the physical
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cutting on the left  hand side (due to the instrumental  cut-off)  makes it  difficult  to

analyse if it is a symmetric broadening of this mode. 

A set of temperature dependent Raman spectra were acquired in VH polarization, to

explicitly   study   the   mode   changes   in   the   vicinity   of   the   phase   transition

temperature (see Figure 4.5). The presented spectra  in  Figure 4.5a are normalized

by   the   intensity   of   the   mode   at   148   cm   whose   intensity   remained   relatively

constant   for   different   temperatures   and   phases.   The   spectra   in   Figure   4.5a   are

fitted   with   the   same   function   as   in   Figure   4.3,   and   the   7   Raman   active   modes

presented   in   table   1   can   still   be   identified   with   some   red   shift   due   to   thermal

effects.  The changes of   these 7  modes as  a   function of   temperature  are  extracted

from the fitting results and plotted in Figure 4.5b. 

Three kinds of changes can be distinguished: 

1) frequency shifts (blue shift: mode 4, red shift: mode 6);  

2) mode appearance (mode 1) and disappearance (mode 2 and mode 7);

3) no change (mode 3 and mode 5).  

The Raman  modes  at  30  cm   and 40  cm   (as  can be seen  in  Figure  4.4)  are  not

discussed   here   because   of   the   low   reliability   at   these   frequencies   close   to   the

cutting  edge   (~  50  cm )  of   the  Raman  spectrometer.  This  spectral   limitation  also

leads   to   the   fitting   error   of   the   Peak   1   at   around   50   cm .   As   can   be   seen   from

Figure 4.5a, a new mode emerges at the frequency of 55 cm   as a strong shoulder

peak to the Raman peak at 50 cm . However, the spectral fitting with a Lorentzian

function (Figure 4.5c and 4.5d) cannot distinguish these two modes and thus gives

a blue shift after the phase transition, as stated as mode 1 in Figure 4.5b. 
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Figure  4.5.  Evolution  of  Raman  spectra  of  4-DBpFO  single  crystal  as  function  of  temperature  in  VH

(vertical in, horizontal out) polarization. 

a) Temperature-dependent Raman spectra of the vibrational frequency region. The α phase 4-DBpFO

single  crystal  was  heated  with  intervals  of  5℃,  from  170℃  to  210℃.  7  Raman-active  modes  are

identified in the α phase and they are marked with vertical black dashed lines. This crystal transforms

into the β phase at the temperature of 190℃. The spectra are normalized by the intensity at 148 cm .

b) Extracted frequency changes of 7 Raman modes as a function of temperature. Errors obtained from

the fitting results are plotted together with Raman shifts but they are as small as the plotted symbols.

c) and d) show the spectra of α phase (at 170℃) and β phase (at 210℃) that are fitted with the same

function as in Figure 4.3. The decomposed Raman peaks are plotted corresponding to the 7 peaks in

Figure 4.3 as well. 

The thermal effects  in the vicinity of  phase transition temperature (Figure 4.5)  are

very small compared to the phase transition induced Raman shifts. The red shifts of

the 7 modes (~1 cm   over 20 degrees) are almost negligible compared to the large

temperature   induced   shifts   as   observed   in   Figure   4.4.   Furthermore,   the   volume

change   in   the   thermosalient   phase   transition   in   4-DBpFO   (2.7% )   is   too   small   to

induce   significant   spectral   changes.   Therefore,   the   spectroscopic   changes   around

190℃ in Figure 4.5b are mainly induced by the structural phase transition . 

-1

  -1

22

  13,109,110

Chapter 476



4.4 Molecular dynamics simulated Raman spectra

To understand the observed Raman spectra, molecular dynamics simulations were

done by Dr. Daria Galimberti (Theoretical Chemistry Department).  

The   theoretical   spectra   have   been   computed   by   molecular   dynamic   simulations

through the time-correlation function formalism developed by D.R. Galimberti  and

H.M.  Cuppen.   In  particular,   they  adapted  and   further  developed  the  methodology

proposed by Galimberti  et al. ,  to accurately describe the THz Raman spectra

of the system under study. 

In   a   nutshell,   the   system   is   simulated   using   classical   molecular   dynamics

simulations   allowing   for   long   time   scales   and   large   system   dimensions   that   are

required   to   capture   the   low   frequency   modes,   but   these   are   combined   with   ab-

initio accuracy on the Raman activity.

We have divided the molecule into three different fragments and color coded them

(see also Figure 4.2):  the fluorenone ring system (red),  ring1 (middle phenyl  rings,

in green) and ring2 (outer phenyl rings, in purple). The spectrum further consists of

contributions   of   the   interactions   between   these   three   fragments.   Note   that   the

contribution   of   each   component   in   the   molecule   to   the   spectrum   can   also

be negative.
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Figure 4.6. Simulated Raman spectra of α and β phase 4-DBpFO single crystal.

The polarization was set as VH (a and c) and VN (b and d). The total spectrum for VH and VN is given in

black at the top. It is then decomposed and assigned into different fragments of the 4-DBpFO molecule.

The  spectral  contribution  of  each  fragment  and  their  interactions  have  been  plotted  in

different colours. 

All   the   simulations,   for   both  α  and  β  phase,   were   done   at   room   temperature,   so

temperature induced changes between the two phases are excluded. In the α phase

(Figure 4.6a and 4.6b), the fluorenone core and ring2 groups contribute the most to

the   overall   spectrum   in   the   VH   polarization,   whereas   in   the   VN   polarization   ring1

and   ring2   groups   give   the   main   contributions.   The   vibrational   modes   in   VH

polarization   suggest   some   large   amplitude   motion   where   the   molecule   bends,

which should be sensitive to the ac plane. In the β phase (Figure 4.6c and 4.6d), the

overall   Raman   intensity   decreases   and   the   background   noise   increases.   This   is

because of  the highly  unstable  state  of   the  β  phase where the crystal  structure   is

vibrating strongly.  

Next,   the   simulated   Raman   spectra   are   discussed   in   combination   with   the

experimental   results  and  some  of   the  modes   listed   in  Figure 4.5b  are  assigned  to

specific vibrations in the crystal lattice.  
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In the  α  phase Raman spectra (Figure 4.6a and 4.6b), the complex mode around 55

cm   (Figure 4.5a) is shown at 48 cm   in VN polarization (Figure 4.6b) but not in VH

polarization   (Figure 4.6a),   confirming   its   existence   in   parallel   polarizations   as

discussed   in  section 4.2.  As  can  be  seen   from  Figure 4.3,   in  parallel  polarizations,

the mode at 55 cm   is the strongest mode in both V and H incident polarizations.

This  implies that this  mode has projections along both the a-  and c-axis,  as these

axes are parallel to the V and H polarized beam respectively. The collinearity of the

lattice   vibration   direction   and   the   polarization   of   incident   beam   brings

enhancement   on   the   amplitude   of   the   Raman   spectrum.   Therefore,   this   mode   is

connected to a symmetric motion that is out-of-plane (ac plane, refer to the a- and

c- axis in Figure 2.3). Considering the possible out-of-plane motions in the  α  phase,

this   can   be   attributed   to   the   rotations   of   ring1   and   ring2   groups   along   the

crystallographic b-axis.

In the β  phase, this mode broadens to the higher frequency in the VN polarization

(Figure 4.6d),   in   line   with   the   analysis   of   the   emerging   new   mode   in   Figure 4.5a.

According   to   the   break-down   analysis   in   Figure   4.6d,   this   mode   gets   large

contributions from the ring1 and ring2 groups. These two groups arrange in a more

planar   structure   when   the   crystal   transitions   to   the  β  phase,   increasing   the

hindrance   for  such  out-of-plane  rotations,   thus   inducing  mode  hardening,   leading

to blue shift.   In  the meantime,  more random vibrations can be expected from the

ring2   groups   due   to   the   relatively   large   freedom   it   possesses.   The   new   mode   at

relatively higher frequency could originate from ring2 groups while the ring1 group

kept   its  original   frequency.  Moreover,  a  similar  wagging vibration originating from

the   phenyl   ring   (comparable   to   ring2   groups   in   4-DBpFO)   was   reported   in   2021,

where a Raman feature at the frequency of 50/58 cm was assigned to the phenyl

ring   wagging   mode   of   a   fluorenone   derivative,   DPFO .   Therefore,   the   mode   at

55 cm   is   assigned   to   symmetric   wagging   motions   of   ring1   groups   while   ring2

groups   contributed   to   the   broadening   of   this   mode   when   the   structural

transition occurs.

The mode at around 180 cm   can be compared to the mode at around 175 cm   in

the simulated Raman spectra in Figure 4.6. This mode is present in the  α  phase but

not   in   the  β  phase,   in   accordance   with   the   disappearance   of   this   mode   in   Figure

4.5a and 4.5b. In the α  phase, this mode is visible in both VN and VH polarizations,

proving   the   asymmetric   nature   of   this   B   mode.   From   the   break-down   analysis,

this   mode   is   mainly   rooted   in   the   fluorenone   core.   More   specifically,   the   phenyl

rings in the fluorenone core are the origin of this mode while the C=O bond solely

contributes to the peak at 220 cm . The interactions of fluorenone-ring1 and ring1-

ring2 give  negative  contributions  to  this  mode,  as  can be seen  in  Figure  4.6a  and
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4.6b.   It   suggests   that   the   motion   of   this   mode   is   impeded   by   the   ring1   groups.

Therefore,  this  mode could be asymmetric  wagging of  the phenyl  rings   in  relative

to   C=O   bond   (188a2   motion,   simulations   are   done   in   gas   phase   4-DBpFO   by   Dr.

Daria Galimberti). The motion rotates the two phenyl rings to opposite directions of

the   fluorenone   core   plane,   squeezing   the   rotating   room   of   ring1   groups.   The   up-

and   down-   rotations   transmit   to   the   ring2   groups   and   attract   the   ring2   groups

closer   to   the   fluorenone   core.   Thus,   positive   contributions   from   fluorenone-ring2

interaction can be seen in Figure 4.6a and 4.6b.  When the  α  phase  is  transformed

into  β,   the   planar   construction   prohibits   this   movement   and   thus   this   mode

disappears. Therefore, this mode signals the formation of a planar structure in the

β phase. 

The   mode   at   106   cm   exhibits   a   large   blue   shift   (>7   cm )   in   both   VN   and   VH

polarized   Raman   spectra   (Figure   4.4   and   4.5).   This   mode   is   also   seen   in   the

simulated  α  phase spectra   (Figure 4.6a and 4.6b).   In  the break-down analysis,   the

origin   of   this   mode   is   attributed   to   ring2   (refer   to   purple   spectrum   in   Figure 4.6a

and 4.6b) as the peak position at ring2 matches with the total spectrum. When the

crystal   transforms   into   the  β  phase,   the   ring1   groups’   contribution   to   this   mode

grows (green spectrum in Figure 4.6c and 4.6d), especially in VN polarization. In the

meantime,   the   frequency  of   this   mode   is   also   shifted  to  ~112  cm ,   which   can   be

deduced from both the break-down analysis  and the total  spectrum in Figure 4.6c

and 4.6d. This blue shift is in accordance with the blue shift observed in Figure 4.5.

The hardening behaviour of  this mode resembles the mode at 4 THz in Figure 4.8,

section 4.6,   where   the   origin   is   attributed   to   the   torsion   of   both   ring1   and   ring2

groups (both θ and φ). Considering the co-contribution of ring1 and ring2 groups to

this Raman mode, one can attribute this  hardening behaviour of  this  mode to the

torsion motion of ring1 and ring2 groups that causes change in the molecular bond

length along the long molecular direction (transition dipole direction). This torsion

motion becomes more competitive  when the crystal   is   transformed into the more

planar structure of  the  β  phase,  which leads to the hardening of  the motion.  This

coincides with the discussion in section 4.2, where an in-plane (ac plane) vibration

is expected at the mode 106 cm . Additional support can be found in the molecule

gas-phase mode simulations in the transition from 96 cm  to 101 cm . 

4.5 Line scan across phase boundary

As discussed above, the observed thermal changes in the Raman spectra are partly

caused by the normal temperature dependence of the vibration and rotation modes

of any (molecular) crystal. Fortunately, as we demonstrated before , the first order

character of the thermosalient phase transition in 4-DBpFO leads to the possibility
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of observing the coexistence of the α phase and β phase at a fixed temperature .

This  coexistence allows a   line scan experiment  that  provides   insight  on the mode

changes at the transition from the  α  phase to the  β  phase without being obscured

by temperature induced effects.  

Figure 4.7. Line scan of Raman spectra across a phase boundary in VN polarization.

a) and c) are the Line scan spectra at mode of 50 cm  and 106 cm . The dark arrows point out the

phase propagation direction which is corresponding to the dark arrow direction in Figure 4.1b. b) and

d)  are  the  extracted FWHM and Spectral  weight  (dark  solid  squares)  of  mode 50  cm  and 106 cm

respectively. A step function (red lines) was applied to fit the extract the FWHM and spectral weight of

these two modes. The fitted FWHM of mode 50 cm  is 4.2 ± 0.1 μm, suggesting the width of the phase

boundary. The fitted spectral weight of mode 106 cm  is 3.5 ± 0.4 μm.

An in-situ Raman scan was carried out across the phase boundary (see Figure 4.1b)

with   a   scanning   length   of   13 μm   and   a   step   size   of   0.8 μm.   Figure 4.7a   and   4.7c

present the changes of the Raman modes at 50 cm  and 106 cm  from the α  to the

β phase. The 50 cm  mode broadens more than two times of its original width (see

Figure 4.7b),  which is consistent with a new band appearing at a higher frequency

next  to  the 50 cm   mode,  as  discussed  in  section 4.2.  Note that  the  full  width at

half   maximum   (FWHM),   which   is   normally   used   to   quantify   the   spectral   width,

cannot   accurately   be   determined,   due   to   the   instrumental   cut-off,   as   mentioned

earlier. Therefore, in Figure 4.7b we plotted the width, assuming that the band did

not shift.  A fitting using a step function was applied to the data of Figure 4.7b and
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the fitting result  W = 4.2 ± 0.1 μm indicates the width of  the phase boundary (see

also   Figure 4.1b).   When   the   crystal   is   in   the  α  phase,   the   width   of   this   mode   is

stabilized  at  9   (order  parameter  s  =  0),  whereas  when  the  crystal   fully   transforms

into β phase, the width is as large as 17 (order parameter  s = 1). The steps captured

in   between   are   corresponding   to   order   parameters   in   between   0   and   1.   The

definition of order parameter s  is discussed in section 4.6.  

As discussed in section 4.4,  the mode at  106 cm   is  related to a torsional  motion

between ring1 and ring2 groups. In Figure 4.7c, this mode appears as a very broad

band   in   the  α  phase,   suggesting   a   very   flexible   and   complex   vibrational   motion

which   leads   to   a   merging   with   a   neighboring   band.   With   increasing   order

parameter,   the   peak   of   this   band   shifts   to   higher   frequency   (from   106 cm   to

115 cm , comparable to the shift   in  Figure 4.5b),  and the shape of  this  band also

grows into a sharp typical Gaussian-like Raman band. The blue shift indicates that

the scissoring motion requires more energy in the β phase. Because of the shift and

the band change,   the  spectral  weight  of   this  band changed  dramatically  after   the

phase   transition.   This   is   plotted   and   fitted   in   Figure 4.7d,   whose   sharp   step

behavior confirmed the first order nature of the α → β transition.

4.6 Simulated spectrum for the transition order

parameter

To   understand   the   underlying   mechanisms   of   the α  →  β  transition,   molecular

dynamics   (MD)   simulations   were   performed   by   Herma   Cuppen   and   co-workers.

Details of these simulations can be found in reference . In brief, MD simulates the

dynamics   of   the   materials   based   on   Newton’s   equations   of   motion,   where   the

forces   acting   on   the   atoms   are   determined   from   an   interaction   potential,   a   force

field   in   this   case.   The   resulting   dynamics   is   due   to   a   combination   of   kinetic

(barriers   of   processes)   and   thermodynamic   effects   and   the   full   vibration   of   the

system   is   considered.   As   previous   MD   simulations   showed   that   the   transition   is

triggered by changes in the dihedral angles , these angles can thus be used as the

collective   variable   to   describe   the   transition.   If   well-constructed,   the   collective

variable   (CV)   should   correspond   to   the   order   parameter   or   reaction   coordinate   of

the   phase   transition.   Here,   they   use   a   CV   path   that   measures   the   progress   of   the

transition by an order parameter  s: at  s = 0 the system is in the α phase and at  s = 1

the system is in the  β  phase. The value of  s  is obtained by projecting the average  θ

and  φ  dihedral angels on the path of transitioning from  α  (s  = 0) to  β  phase (s  = 1).

The   spectra   (Figure   4.8a)   are   obtained   by   recording  s  as   a   function   of   time   and

taking the Fourier transformation of the autocorrelation function .
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Figure  4.8.  Vibrational  spectra  of  the  (A)  transition  order  parameter  for  different  stages  along  the

transition pathway s.  Panel (B) gives Raman spectra taken along the phase boundary of the crystal.

Calculated vibrational spectra of the (C) dihedral θ and (D) dihedral φ are presented in panels (C) and

(D),  respectively.  The  spectral  changes,  such  as  peak  shifts  and  broadening,  are  indicated  with  the

vertical and horizontal arrows, respectively. The increasing noise level in the baseline with increasing s

for (A) and (D) is due to the increasing mobility of the outer rings.

One should note that the modes in the calculated  s  spectrum can be either Raman

or IR active, and hence they do not necessarily need to appear in the experimental

Raman spectra, whereas also the relative intensities can be different. Furthermore,

the calculated vibrational spectra only include the modes that are connected to the

order parameter of the transition.

Figure   4.8   shows   the   good   matching   of   the   phase   transition   order   parameter  s

between   simulated   spectra   (Figure 4.8a,   4.8c   and   4.8d)   and   experimental   spectra

(Figure   4.8b).   These   spectra   were   grouped   based   on   their   mean  s  value   and

averaged   per   group.   At  s  =0   (α  phase),   four   different   features   can   be   clearly

distinguished.   The   two   features   around   5   THz   (167   cm )   and   7   THz   (233   cm )

disappear   upon   transition   to  β  (increasing  s),   while   the   baseline   appears   to   grow
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“noisier”.  Although  the  7  THz   is  not  presented   in  the  experimental  Figure  4.5,   the

disappearing band is   indeed observed at  a frequency of  180 cm , which probably

has the same origin as the 5 THz mode in Figure 4.8a. The feature around 1.5 THz

(50 cm ) moves to lower frequencies, whereas the feature around 4 THz (133 cm )

moves   to   higher   frequencies.   The   blue   shift   of   the   4   THz   mode   fits   with   the

hardening   mode   at   106   cm   as   observed   in   experiment   (Figure   4.5),   whereas   the

softening   at   1.5   THz   mode   is   not   seen   due   to   the   spectral   limitation   in   the

experiment. However, the broadening of this mode at 1.5 THz does match very well

with   the   broadening   in   Figure   4.7a.   This   feature   can   be   assigned   to   the   outer

torsion  φ  as can be seen  in  Figure  4.8d.  This   in  turn confirms our  speculation for

the modes at 50 cm and 55 cm , which are assigned to be wagging vibrations of

ring1 and ring2 groups, respectively.  

The spectral features in Figure 4.8a are further decomposed, as  s  is a combination

of   both  θ  and  φ,   to   show   the  θ  and  φ  spectra   (see   Figures 4.8c   and   4.8d),

respectively.   These   two   figures   also   show   that   the   two   disappearing   features   are

mainly due to the inner torsion θ. This means that the torsion of the ring1 groups is

closely   connected   with   the   structural   phase   transition   and   it   appears   as   a   band

disappearing   at   frequencies   of   180   cm   and   higher   (233   cm   in   the   simulated

spectrum   of   Figure 4.8).   This   mode   is   fundamentally   not   allowed   in   the  β  phase

regardless of polarizations during the measurements, as can be seen in Figure 4.3c

and 4.3f. The increasing fluctuations in the baseline are due to the outer torsion  φ,

and appears intrinsic to the  β  structure instead of due to a lack of statistics,  since

this would have resulted in a similar baseline in the  θ  spectrum. It   is  likely due to

the large range of rotations of the outer rings in the  β  phase. The features around

1.5 THz and 4 THz are due to both  θ  and  φ, although the  φ  contribution diminishes

going toward  β  for the 4 THz feature. This strengthens our argument in section 3.4,

where   we   claimed   that   the   mode   at   106   cm   has   two   contributions:   ring1

contributes   in   the  β  phase   and   ring2   contributes   in   the  α  phase.   The   fading

contribution of  φ  (ring2 groups)  perfectly  matches with our  argument.  We believe

that   the   1.5   THz   mode   is   directly   associated   with   the   phase   transition   for   two

reasons:   this   feature   has   strong   contributions   of   both  θ  and  φ  and   is   the   only

feature   that   shifts   towards   lower   frequencies   during   the  α  →  β  transition.

Unfortunately,  this  mode softening could experimentally  not be observed,  but the

accompanying   broadening   agrees   well   with   the   experimental   spectra   (see

Figure 4.8b).
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4.7 Conclusion and outlook

To  conclude,  characteristic  changes   in   the  Raman  features  are   identified  near   the

structural   phase   transition   in   4-DBpFO   single   crystals   and   the   importance   of

specific   modes   are   highlighted   with   comparison   to   simulations.   Temperature

dependent  Raman spectra  provided unambiguous mode changes before and after

phase transition. The mode assignment was completed by a systematic analysis of

polarization   dependent   Raman   spectra   and   simulated   Raman   spectra.   Moreover,

the unique line scan results presented not only two unique mode changes but also

made it possible to experimentally identify the order parameter associated with the

α  to  β  transition.   The   results   show   that   the   wagging   mode   of   ring2   groups   at

55 cm   and   the   torsion   motion   at   106   cm   between   ring1   and   ring2   groups   are

directly   related   to   the   structural   phase   transition.   Polarization-dependent   Raman

measurements   together   with   the   well-defined   crystalline   structure   assisted   the

assignment of  the Raman features and revealed their  roles in the structural  phase

transition   of   4-DBpFO   single   crystals.   Moreover,   the   results   of   simulated

polarization-dependent Raman spectra agreed well with the experimental data. The

break-down   analysis   further   supports   the   mode   assignment   at   the   frequencies

below   200   cm .   Molecular   dynamic   simulations   display   the   order   parameter

change   across   the   phase   transition   which   agrees   well   with   the   line   scan   Raman

results,   unravelling   and   identifying   the   dynamic   changes   across   the

phase transition. 

To   the   best   of   my   knowledge,   this   study   is   the   first   investigation   of   the

thermosalient   phase   transition   of   4-DBpFO   single   crystals   using   in-situ   Raman

spectroscopy. It not only fills the knowledge gap in the area of thermosalient phase

transition,   but   also   leads   to   further   investigations   on   the   predicted   ultrafast

dynamics   of   the   thermosalient   phase   transitions.   For   example,   as   predicted   by

simulations, strong THz laser pulses at around 1.5 THz is expected to non-thermally

trigger   the   phase   transition   in   4-DBpFO   single   crystals   (see   also   Chapter   6).   This

may   grant   us   a   brand-new,   all-optical   way   to   control   the   phase   of   a   crystal.   Our

technique   is   also   applicable   to   other   salient   materials   whose   phase   boundary   is

controllable under certain conditions.
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Chapter 5

Optical pump-probe study of the phase
transition in 4-DBpFO single crystals
4-DBpFO  exhibits  an  intriguing  first-order  thermosalient  phase  transition

above room temperature, characterized by a drastic shape deformation caused

by  a  sudden  change  in  its  crystal  structure.  In  this  chapter,  we  study  the

spectroscopic  properties  of  this  crystal  both  statically  and  dynamically.  An

ultrafast  pump-probe  technique  was  applied  in  the  UV-vis  range  to  study  the

transient  transmission  change  in  the  4-DBpFO  single  crystal  across  its  phase

transition  temperature.  The  time-resolved  transmission  and  polarization

rotation  changes  reveal  dynamics  which  can  be  interpreted  as  exciton

formation  and  its  decay.  Transient  polarization  rotation  measured  at  various

temperatures and pump powers is  shown to have signatures of  the structural

phase transition in the crystal.

Adapted  from:  X.  Li,  et  al.  “Optical  pump-probe  study  of  the  thermosalient  phase

transition in 4-DBpFO molecular crystals” (in preparation)



5.1 Introduction

The concept  of   thermosalient  crystals,  also called  jumping crystals,  can be traced

back   to   1983   by   M.   C.   Etter .   Up   to   now,   about   30   documented   compounds   are

reported   as   thermosalient   materials ,   and   most   of   them   tend   to   disintegrate

when the temperature is   increased above the phase transition.  Even though these

fragile  thermosalient  crystals  can still   find uses  in single stroke actuators,  such as

electrical   fuses,   robust   and   repeatable   thermosalient   behaviour   is   required   for

energy transducers, soft microrobots and organic electronics .  

4-DBpFO   has   been   demonstrated   to   form   a   robust   thermosalient   crystal   that   can

undergo a structural phase transition for hundreds of times without visible wear .

The   phase   transition   is   accompanied   by   the   appearance   of   a   phase   boundary   at

one of the edges of the crystal,  moving at a speed of about 10 mm/s . The phase

transition   associated   with   the   thermosalient   effect   appears   to   be   the   fastest

transition in molecular crystals . To unravel such fast structural changes, ultrafast

techniques are required. Optical pump-probe techniques have been widely used in

exploring   the   ultrafast   dynamics   in   solid-state   materials.   Most   commonly   studied

topics   are   exciton ,   polaron ,   singlet   fission   dynamics   and   so   on,

performed   on   organic   crystals   such   as   rubrene ,   tetracene   etc.   However,   no

such   experiments   have   been   done   on   the   thermosalient   phase   transition   in

4-DBpFO. 

In this chapter, a comprehensive study was conducted using ultrafast optical pump-

probe techniques. Time-resolved measurement has been carried out and disclosed

the   dynamics   in   both   the  α  and  β  phases   at   picosecond   time   scales.   The   time-

resolved   transmission   and   polarization   rotation   changes   indicate   electronic

excitation and its decay at various temperatures. The polarization rotation induced

by   temperature   and   pump   power   is   demonstrated   to   be   a   signature   of   the

structural phase transition. 

5.2 Static spectroscopic study of 4-DBpFO

Before   applying   the   pump-probe   technique   to   study   the   dynamics   of   4-DBpFO

crystals,   a   static   spectroscopic   study   was   first   conducted   to   determine   the   most

efficient linear absorption wavelength. 

The absorbance spectrum of the bulk 4-DBpFO single crystal (Figure 5.1), measured

using   a   home-built   setup   (see   Figure 2.5),   shows   that   the   absorption   band   of   the
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α phase crystal  extends from 366 nm to 468 nm with a peak at  415 nm. Based on

this result,  400 nm was selected as the pump wavelength, corresponding to 96.2%

of   the   maximum   absorption   at   415 nm.   This   choice   was   further   motivated   by   the

availability   of   a   stable   800 nm   fundamental   output   from   the   femtosecond   laser

used in the optical pump-probe experiment, from which 400 nm was generated via

second  harmonic  generation.  The  selected  pump  wavelength  thus   falls  within  the

absorption   band   of   the   crystal   and   is   expected   to   efficiently   drive   the   structural

phase transition.

Figure 5.1. Absorbance spectrum of α phase 4-DBpFO single crystal. 

This  is  measured  under  ambient  conditions  (room  temperature  and  atmospheric  pressure).  The

effective absorption band is located between 366 nm and 468 nm. 
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Figure 5.2. DFT/TD-DFT calculations.

(a) Shape of the HOMO and LUMO wavefunctions with the S  geometry as well as their energy levels of

4-DBpFO molecule.  (b)  Singlet  excited states (ES)  corresponding to S ,  S ,  S  and S  in c).  The green

color  represents  electron  clouds  whereas  the  red  color  represents  holes.  The  arrows  point  out  the

transition dipole direction at corresponding excited states. (c) Electronic states of 4-DBpFO crystal123.

The blue line indicates the ground state of the crystal lattice, the red lines indicate the excited singlet

states of the system and the dotted purple lines indicate the excited triplet states.

In order to clarify the structure-property relationships involved in  α  phase 4-DBpFO

crystals, theoretical calculations using the DFT/TD-DFT method were carried out in

the   E.01   version   of   Gaussian09   by   Puxin   Cheng,   from   Nankai   University,   China.

The   B3LYP   functional   and   6-31G++   basis   was   adopted   to   obtain   the   HOMO   and

LUMO wavefunction and the molecular dipole moment of 4-DBpFO S   state. B3LYP/

6-31G+(d) basis was selected to calculate the transition density of states from S   to

different   excited   states.   The   visualizations   were   displayed   by   VMD   software .

These   calculations   clearly   pointed   out   the   directions   of   permanent   dipole   and

transition   dipole   in  α  phase   4-DBpFO   crystals,   providing   guidelines   for

further analysis.

5.3 Time-resolved transmission changes

To   investigate   time-resolved   transmission   changes   in   4-DBpFO   crystals   by   optical

pump-probe   experiments,   the   pump   wavelength   was   chosen   at   400 nm   (photon
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energy is 3.1 eV), which falls in the linear absorbance spectrum (Figure 5.1) and can

bring   the   electrons   to   an   excited   state   (metastable   state).   Two   different

wavelengths,   800 nm   and   400 nm,   were   used   to   probe   the   time   traces   of   the

transmission change with a time resolution of about 100 fs.  

The experimental  setup used for  this  set  of  data refers  to  Figure 2.7   in  Chapter 2.

The   pump   fluence   was   set   as   1.4   mJ/cm   with   a   beam   spot   size   of   ~184   μm

whereas the probe was focused with a spot size of ~46 μm but with two magnitude

lower   incoming   power.   The   photo-induced   transmitted   intensity   change   is

calibrated by dividing by the total transmission of the probe beam. The time zero is

when pump and probe overlap in time.  After  the overlap,  the sample system is   in

an   excited   state   and   a   pump-induced   transmission   change   is   observed   and

registered   as  △T.   After   calibration  by  △T/T,   only   the  pump-induced   effect   can  be

seen.   Upon   the   overlap   of   pump   and   probe   pulses,   the   transmission   change

increases instantly from 0 to above 0.02. Transmission increases means absorption

decreases.  The electrons in the sample system absorb the incident pump photons

and get excited to excited states, increasing the transmission of the probe beam.

Figure 5.3. Transient transmission change under two different pump polarizations.

2
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Figure   5.3   presents   the   time-resolved   transmission   change   under   X   (black)-   and

Y (red)-polarized pump polarization. In 4-DBpFO, electrons are likely pumped up to

S  state, as the photons have an energy of 3.10 eV which is close to the energy of S

(3.18   eV).   When   the   pump   beam   is   off,   the   excited   electrons   relax   to   the   S   state

and  eventually   relax  back  to   the  ground  state.  The  probe  registers   this   relaxation

process  and shows the dynamic change  in  the following 2000 ps  (Figure 5.3).  The

spectra are well fitted with a two-exponential decay function:

The   fitted  spectra  are  presented  as  solid   lines   in   the  same  color  as   the  raw  data.

Two   processes   are   resolved   from   the   fitting:   the   fast   decay   process     and   the

slow   decay   process   .   The   dynamics   of   these   two   processes   as   a   function   of

pump power are discussed below.

The spectra in Figure 5.3 are obtained with identical  experimental  condition when

both pump and probe wavelengths are at 400 nm. Comparing the amplitude of the

transient   transmission   change,   Y-polarized   pump   beam   induces   a   stronger

transmission change than the X-polarized pump. This could attribute to anisotropy

of   optical   properties.   The   Y-polarization   of   the   pump   beam   is   collinear   with   the

crystallographic   a-axis   (depicted   in   chapter 2   Figure 2.4),   which   is   along   the

permanent  dipole  direction  of   the  4-DBpFO  molecules.  The   incident  pump  beams

interact   with   the   permanent   dipoles   in   the   molecules,   thus   more   electrons   are

excited in this polarization, leading to a higher transmission change at the overlap.

This is also supported by the Gauss simulation in Figure 5.2b, where the S   state is

dominated by the permanent dipole (along short molecular direction).
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Figure 5.4. Transient transmission change with both pump and probe at the wavelength of 400 nm.

Time-resolved  transient  transmission  change  under  a)  X-  and  b)  Y-polarized  pump  polarization.  The

pump power is varied from 0.08 mW to 0.16 mW with a focused beam spot size ~220 μm. The calculated

fluence is indicated in the figures. The insets show a linear relation between the transmission change

and  pump  power.  c)  Maximum  transmission  change  as  a  function  of  pump  power.  The  raw

experimental data are extracted from a) and b) for X- (black) and Y-polarized (red) pump polarizations,

and plotted as dots. The solid lines are the linear fitting results. d) The decay time of both polarizations

extracted from the fitting results using the two-exponential decay function. The solid lines are a guide

to the eye.

Figure 5.4 presents the time-resolved transmission spectra and the fitted results as

a   function   of   pump   power.   In   both   polarizations,   the   amplitude   of   transmission

increases when the pump power increases, as can be seen in Figure 5.4a and 5.4b.

The   maximum   transmission   change   shows   a   linear   dependence   of   the   incident

pump power,  as  seen in the  insets   in  Figure 5.4a and 5.4b.  These changes remain

within their laser damage threshold when the pump power is below 1.4 mJ/cm , as

stated by the linear relation between ΔT/T and pump power as shown in the insets

of Figure 5.4a and 5.4b.

The decay times of the     and     processes are plotted in Figure 5.4c.     decays

on  the  time  scale  of  a   few  hundred  of  picoseconds   (100-500 ps);     decays   on  a

few   nanoseconds   (1-4 ns).     seems   to   be   independent   of   polarization,   as   it   is

approximately   the   same   for   both   X   and   Y   polarizations   (Figure 5.4c).   The

-process,   however,   is   faster   in   the   Y-polarization   (depicted   in   green   in
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Figure 5.4c).   This   could   be   attributed   to   the   intermolecular   interactions   in   this

direction   (along   permanent   dipole   direction)   which   is   for   the   relaxation   of   the

excited electrons. 

Within the studied range of pump power, the decay time of the  -process remains

relatively   stable   around   200 ps,   whereas   the   decay   time   of   the   -process

decreases when the pump power increases. This means that the high pump power

increased the probability of the relaxation of the   -process. In the meantime,  

dominates the relaxation process with a more than 5 times higher amplitude than

,   as   can   be   seen   from   Figure 5.4d.   With   an   increase   of   pump   power,   the

amplitude of both   and    increases linearly.  

Figure 5.5. Transient transmission change with 400 nm pump and 800 nm probe. 

Time-resolved transient transmission change under X- (a) and Y-polarized (b) pump polarization. The

pump power is varied from 0.06 mW to 0.19 mW with a focused beam spot size as ~220 μm. The insets

show  the  linear  dependency  of  the  maximum  transmission  change  against  pump  power.  The  raw

experimental data are plotted in dots while the fitting results are plotted as solid lines. c) The decay

time of  both polarizations extracted from the fitting results  using a two-exponential  decay function.

The  solid  lines  are  linear  fitting  results.  d) The  fitted  maximal  transmission  intensity  for  both

polarizations using the above two-exponential decay function. 

To   reduce   a   possible   excitation   and/or   heating   effect   from   the   400   nm   probe,   we

switched the probe wavelength to 800 nm and presented the transient transmission

spectra in Figure 5.5. More data points as a function of pump power were obtained
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within the time range of 2000 ps. The pump induced effects are similar under both

Y- and X-polarizations. The Y-polarized pump induces stronger transmission change

due to its coupling with permanent dipole. The incident pump power is below the

damage   threshold   of   0.19 mW,   as   the   maximum   transmission   shows   a   linear

relation with the pump power (inset of Figure 5.5a and 5.5b).  

However, the probed decay processes show significant differences. The fitted decay

times   for   both     and     mechanisms   are   at   least   twice   faster   (fast   decay   time

ranges   from  4  ps   to  200  ps;  slow  decays   last   for  600~1500 ps)   than  using  400 nm

probe   (Figure 5.4c).   This   could   be   attributed   to   the   lower   heating   effect   from   the

probe.   Therefore,   it   is   more   suitable   to   use   800   nm   as   probe   as   it   minimizes   any

possible   linear  absorption.   In  addition,  with  more data  points,  a   relatively  clearer

tendency of the fitted amplitude of these two dynamics are plotted in Figure 5.5d.

The   as-fitted   transmission   amplitude   gives   a   linear   growth   with   respect   to   the

incident   pump   powers,   in   accordance   to   the   insets   in   Figure 5.5a   and   5.5b.

Meanwhile, the comparison between A1(fast decay) and A2 (slow decay) shows that

the  A2  decay   is   the  dominant  decay  process  that  determines  the  time  dependent

traces of the transmission in Figure 4.5a and 4.5b.

5.4 Temperature dependent polarization rotation

dynamics across the phase transition

As discussed in Chapter 3, the polarization rotation shows a temperature hysteresis

behaviour   upon   the   structural   phase   transition   in   4-DBpFO   single   crystals,

demonstrating   that   this   polarization   rotation   is   a   good   probe   for   the   phase

transition. In this section, the time evolution of the polarization rotation change is

tracked and studied at various temperatures.
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Figure 5.6. Polarization rotation change with 400 nm pump and 800 nm probe.

The  pump  power  stayed  at  ~0.8  mW  (~7  mJ/cm )  for  this  set  of  experiments.  The  pump  and  probe

polarizations were aligned to get maximum output. a) Time-resolved rotation change in α phase from

300 K to 460 K with a step of 10 K. The scanning range is about 120 ps. b) Extracted maximum rotations

from Figure 5.6a. The Gaussian fitting indicates a saturation state starting from 420 K. c) Time-resolved

probe polarization rotation change in the vicinity of  the phase transition temperature.  The scanning

range is up to 25 ps. An abrupt decrease of the rotation intensity is captured when the structure of the

4-DBpFO crystal transitions from the α to the β phase. d) Extracted maximum rotation from Figure 5.6c.

The  solid  line  is  a  fitting  curve  by  function  2.1.  The  errors  are  obtained  by  averaging  three  sets  of

experimental data.

In   Figure   5.6a,   the   Y-axis   shows   the   change   in   polarization   rotation   of   the   probe

beam   and   it   is   largely   altered   due   to   the   symmetry   change   upon   the   structural

transition of 4-DBpFO single crystals.  The phase transition temperature (491 K) for

the whole crystal   is  determined upon the completion of  the shape deformation of

the   crystal   observed   via   a   bluefox   camera   while   the   temperature   of   the   sample

system is modulated by a LakeShore temperature controller. Both pump and probe

polarizations   were   set   at   the   optimal   direction   which   was   pre-studied   by   a

polarization   scan.   Before   the   phase   transition   occurs   (temperature＜491 K),   the

intensity   of   polarization   rotation   decreases   with   increasing   temperature

(Figure 5.6a).   The   maximal   polarization   rotation   is   extracted   and   plotted   in

Figure 5.6b.   The data   is   well   fitted   with   a   Gaussian   function,   indicating   an

2
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exponential   dependency   of   the   polarization   rotation   against   temperature.   It   is

important   to   note   that   at   high   temperatures   (~420   K),   the   decrease   in   the

polarization rotation slowed down significantly and reached a saturation level right

before the phase transition temperature. This suggests an intermediate state of the

crystal when it is about to go through a structural phase transition.

Figure   5.6c   and   5.6d   present   a   clear   signal   of   the   polarization   rotation   change

across   the   phase   transition   temperature.   First   of   all,   the   polarization   rotation

stabilizes   at   the   high   temperature   state   of   the  α  phase   (intermediate   state),   as

observed  in  Figure 5.6b.  With further  heating (up to 500 K),  a  sudden decrease of

the   rotation   value   occurred   (Figure   5.6c)   together   with   the   completion   of   the

transition from the  α  phase to the  β  phase.  This  change is  attributed to the rapid

structural   change   of   the   crystal   symmetry   as   this   significantly   differs   from   the

saturation   behaviour   observed   in   the  α  phase   at   high   temperatures.   This   abrupt

rotation   change   is   the   same   as   the   static   polarization   rotation   change   shown   in

Chapter 3, benchmarking the structural transition from  α  to  β. To validate the first-

order   nature   of   this   structural   phase   transition,   the   maximum   rotation   change   is

extracted and plotted in Figure 5.6d.  The raw data points are fitted very well  with

an error function (equation 2.1) which emphasizes a large rotation change between

the two phases.

Figure 5.7. Decay time and the amplitude fitted from Figure 5.6a.

Expdec1 function was used to fit the data in Figure 5.6a and the resolved decay time and its amplitude

are  plotted  here.  The  fitted  decay  time  is  150.00  ±  24.41  ps  and  7.83±  15.43  ps  before  and  after

transition. The fitted amplitude is 3.90 ± 0.12 and 0.17 ± 0.03 before and after transition.

Different from the transmission change, the time-resolved rotation changes are well

fitted with Expdec1 function ( ), indicating a singular mechanism

that   influences   the   polarization   rotation   change   after   optical   pump.   Figure   5.7

presents  the  fitted results   from Figure  5.6a.  The decay time and amplitude of   the

mechanism   can   be   fitted   with   the   error   function,   indicating   the   first-order   phase

y = y +o A ∗1 e
−

t1
x
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transition.   After   fitting,   the   decay   time   shows   a   significant   change,   starting   at   a

temperature   of   352   ±   4   K   and   finishing   at   402   ±   4   K;   the   change   on   the   rotation

starts  at  a  temperature of  321 ± 2 K and finishes at  393 ± 2 K.  These demonstrate

microscopic changes of the mechanism before the macroscopic shape deformation

occurs.  However,  the visible shape deformation that was observed via the camera

occurred   at   the   temperature   of   491   K.   The   large   onset   temperature   difference

(352 K   for   decay   time   and   321   K   for   amplitude   change)   may   be   attributed   to   the

local structural change upon heating by the optical pump whereas the macroscopic

shape   change   awaits   for   the   whole   crystal   to   be   heated   above   the   transition

temperature.   This   is   in   agreement   with   the   nucleation-and-growth   mechanism

demonstrated   by   molecular   dynamic   simulations ,   where   a   nucleation   point   was

first   identified   after   which   the   transformation   spreads   through   the   rest   of   the

crystal in all three directions. 

Figure 5.8. Decay time and the amplitude fitted from Figure 5.6c.

Expdec1 function was used to fit the data in Figure 5.6c and the resolved decay time and its amplitude

are plotted here. The decay time and amplitude are fitted with linear functions. The slopes are 0.045 ±

0.063 and 0.006 ± 0.002, respectively. 

The   decay   time   and   rotation   extracted   from   Figure   5.6c   show   a   steady   linear

relation as a function of temperature. The intensity of the decay time is comparable

to that  of   the  β  phase   in  Figure 5.7a above  a  temperature  of  402 K.  Likewise,   the

intensity   of   Figure   5.8b   is   also   comparable   to   that   in   Figure   5.7b   above   a

temperature of 393 K. The similarities indicate that these two sets of data are in the

same, β, phase of the crystal. The slopes of both decay time and amplitude change

are close to zero, revealing a stable state in β phase.

To   conclude,   in   the   temperature   dependent   rotation   change   experiment,   the

intensity   of   polarization   rotation   change   in   4-DBpFO   typically   decays   in   the   time

scale   of   92 ± 10 ps   in  α  phase   and   8   ±   6   ps   in  β phase.   The   decay   time   changes

significantly   once   the   structural   phase   transition   takes   place   (as   discussed   in

22
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Figure 5.7a). The decay time and amplitude stabilize after the transition completed

(as discussed in Figure 5.7b and Figure 5.8). There is a large temperature difference

(~150   K)   between   the   microscopic   (352   K   in   Figure 5.7a)   and   the   macroscopic

transition (491 K in Figure 5.6c and 5.6d). This is attributed to the energy difference

between   a   local,   pump   induced,   or   complete   transition.   When   the   whole   crystal

went  through  the  phase  transition,  a  clear  polarization  rotation  value  change  can

be   detected,   as   shown   in   Figure   5.6c   and   5.6d.   This   is   a   proof   that   the   transition

has been completed over the whole crystal.

5.5 Pump power dependent polarization rotation

change

In   order   to   drive   the   thermosalient   phase   transition   in   a   contactless   way,   optical

pump probe experiments were performed with strategically increasing pump power

at   three   tempertures,   400   K,   450   K   and   500   K.   The   pump   wavelength   is   fixed   at

400 nm   to   ensure   efficient   linear   absorption   and   the   probe   wavelength   is   set   at

800 nm. Figure 5.9 presents the ultrafast rotational change within 25 ps. 

Figure 5.9. Time-resolved rotation change as a function of pump powers.

Ultrafast polarization rotation change of 800 nm probe induced by optical pump pulses (400 nm) at a

temperature of a) 400 K, b) 450 K, and c) 500 K. For each temperature, the pump ramped up from 1.75

mJ/cm  to 3.25 mJ/cm . The solid red curves are the fitted results using the function125 of 

.
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At   400   K,   the   rotation   angle   is   as   large   as   4.5°   at   the   minimum   applied   pump

fluence,   1.75   mJ/cm .   With   the   increase   of   pump   fluence,   the   rotation   angle

decreases. At a higher temperature, 450 K, the rotation angle decreased from 4° to

2° when the pump fluence is increased from 1.75 mJ/cm to 3.25 mJ/cm . At 500 K,

the rotation angle showed a similar trend as it  reduced from 1.5° to 0.75° with the

increase   of   pump   fluence.   The   maximum   rotation   angle   of   each   spectrum   is

extracted   and   plotted   against   pump   power   in   Figure   5.10.   Comparing   these   three

temperatures,   the   rotation   angle   decreases   with   an   increase   of   temperature.

Besides, the noise level is increased at higher temperatures, probably related to the

increase of fluctuations near the phase transition.

Figure 5.10. Extracted maximum rotation change as a function of pump fluence.

The  raw  experimental  data  are  extracted  from  Figure  5.9  and  plotted  with  error  bar.  The  rotation

changes are fitted with GaussAmp function  ,  error function from equation

2.1 and linear function for 400 K, 450 K and 500 K, respectively.

In   Figure   5.10,   the   rotation   change   with   increasing   pump   power   resembles   the

static rotational  change in the  α  phase.  As shown in Chapter 3,  the linear rotation

first   increases  with  an   increase   in  temperature,   then   it   reaches  a  saturation  point

and stabilizes until the occurrence of the phase transition. This is also achieved by

2

2   2

y = y +o A ∗ e 2w2
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optical   pumping   as   can   be   seen   in   Figure   5.6.   At   400   K,   the   rotation   grows

exponentially with an increase of pump power. This is still in the  α  phase since the

system   energy   is   too   low   to   overcome   the   phase   transition   barrier.   When   the

temperature   is   increased   to   the   critical   temperature,   the   sample   will   reach   a

metastable state and the rotation value will  stabilize at the saturation point. When

the   system   temperature   is   increased   to   450   K,   the   rotation   value   started   at   an

average   value   of   3.2   ±   0.1   degree,   then   it   decreased   to   2.4   ±   0.1.   This   change   is

fitted with a step function as can be seen from the red solid line in Figure 5.10. This

is an indication of a transition from the  α  to the  β  phase. With a fixed temperature

of the sample, increasing the pump power triggered the structural phase transition

in   4-DBpFO.   The   onset   pump   power   that   was   needed   for   driving   the   structural

transition   is   fitted   to   be   3.1   ±   0.3   mJ/cm .   To   verify   the   rotational   change   at

different phases,  we increased the temperature to 500 K and corresponding pump

powers were applied on the sample. It showed a rather stable rotation value with a

slope   of   0.04   degree/(mJ/cm )   after   a   linear   fitting,   as   shown   with   blue   dots   and

solid fitted line in Figure 5.10. 

2

2
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Figure 5.11.  Decay time and amplitude extracted from fitting the spectra with exponential  Expdec1

decay function.

The resulted decay time and amplitude of the mechanism are plotted against pump power. a) and b)

are  corresponding  to  5.9a  (400  K);  c)  and  d)  are  corresponding  to  5.9b  (450  K);  e)  and  f)  are

corresponding to 5.9c (500 K). 

The time-resolved rotation change in Figure 5.9 has also been fitted with Expdec1

function   and   the   resulted   decay   time   and   amplitude   are   plotted   in   Figure 5.11.

The decay time fluctuates in a reasonable error range with an average of 8.0 ps at

400 K.   At  450  K,   the  decay  time  started  with   the  average   value   at  around  10.8   ps

then it went down to an average value of 7.5 ps at the pump power above 1.4 mW.

At 500 K, despite the large error at 1.4 mW, the intensity of decay time stabilizes at

around   5   ps,   indicating   a   new   state   (β  phase).   These   changes   across   phase
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transition   also   match   with   the   analysis   in   Figure   5.7   and   5.8.   Therefore,   the

structural   phase   transition   occurs,   according   to   the   fitting,   at   the   pump   power   of

1.34 ± 0.02 mW (fitting result of Figure 5.11c) when the sample was kept at 450 K by

the heater.  The amplitude change (Figure 5.11b, d and f)  showed similar trends at

different   temperatures.   At   400   K,   the   intensity   of   the   amplitude   is   at   around

1 degree  and at  500 K  it   is  around  0.2  degree.  The transition  happened  when the

sample   temperature   was   at   450   K.   The   data   at   450   K   was   also   fitted   by   equation

2.1. Although there is relatively large fitting error due to lack of data above 1.5 mW,

the  onset  pump  power   for   the  structural  phase  transition   is  about  1.31  ±  2.5  mW

(fitting   result   of   Figure   5.11d),   close   to   the   onset   pump   power   of   1.34   ±   0.02   mW

derived from decay time fitting. 

5.6 Conclusion and outlook 

The time-resolved transmission and polarization rotation change of  4-DBpFO have

been   studied   at   temperatures   before   and   after   the   phase   transition.

The transmission   change   suggests   two   mechanisms,   a   fast   and   a   slow   decay,

described   by   an   amplitude   A1   and   A2   and   relaxation   times   of   a   few   hundreds   of

picoseconds   and   a   few   nanoseconds,   respectively.   These   two   exponential   decays

after optical excitation reflects the dynamics of electron charges in excited states.  

Unlike   the   transmission   change,   the   polarization   rotation   change   marks   the

structural   phase   transition   in   4-DBpFO   crystals   and   it   is   dominated   by   a   single

mechanism.   The   rotation   change   first   increases   in   the  α  phase   and   reaches   a

saturation   state   when   the   temperature   is   near   the   critical   temperature.   At   the

transition,   there   is   a   significant   change   of   the   rotation   value   due   to   the   sheared

orientation   of   the   crystal.   The   underlying   mechanism   is   analysed   by   fitting   its

decay   time   and   amplitude.   Both   the   decay   time   and   amplitude   give   a   step-like

behaviour   at   the   transition.   The   onset   temperature   obtained   by   fitting   the

polarization   rotation   and   the   decay   time   has   a   relatively   large   difference.   This   is

explained   by   a   combination   of   local   heating   and   a   nucleation-and-

growth mechanism. 
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Chapter 6

THz pump-optical probe study of the
thermosalient phase transition in
4-DBpFO single crystals

Smart   materials   like   thermosalient   crystals   may   find   applications   as   actuators,

medical   implants   and   thermoswitches .   However,   it   is   of   great   interest   to

coherently   control   the   salient   behaviour   to   apply   these   materials   in   practice.

Raman   experiments   in   thermosalient   4-DBpFO   have   revealed   low   frequency

phonon   modes   that   are   closely   related   to   this   structural   phase   transition.   In   this

chapter,   we   attempt   to   use   strong   THz   pulses   to   trigger   these   phonon   modes

resonantly   and   achieve   optical   control   of   the   structural   phase   transition   in   the

4-DBpFO.   Our   approach   combines   theoretical   calculations   and   pump-probe

experiments.   The   results   are   compared   and   discussed   to   provide   ideas   for

further studies.  

Parts  of  this  chapter  are  adapted  from:  S.  Ghasemlou,  X.  Li,  et  al.  “Identifying  and

controlling  the  order  parameter  for  ultrafast  photoinduced  phase  transitions  in

thermosalient materials” Proc. Natl. Acad. Sci. U.S.A. 121 (46) e2408366121.
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6.1 Introduction

The terahertz   (THz)   frequency falls   in  between the  infrared and microwave region

of the electromagnetic spectrum (0.1 THz to 10 THz) and it shares some properties

with   each   of   these .   There   is   an   astonishing   amount   of   organic   materials   which

can   be   used   for   THz   generation.   The   list   of   widely   used   compounds   includes

DAST , DSTMS , OH1  and HMQ-TMS . As each of these materials only cover

a part of the THz spectrum of interest, there is an ongoing search for new materials

that   can   efficiently   convert   higher   frequency   light   into   the   THz-frequency   range.

One   recently   discovered   example   is   the   fluorenone   derivative   DPFO.   As   reported,

DPFO   emits   narrowband   THz   at   a   frequency   around   1.5   THz,   with   a   THz   field

strength   comparable   to   that   of   the   classic   OH1   crystal.   In   4-DBpFO,   that   shares

similar molecular building blocks, a Raman active mode at 1.5 THz is also observed

(see Chapter 3, the 50 and 55 cm   modes), which appeared to be closely related to

its thermosalient structural phase transition. 

These observations  motivated  molecular  dynamics  simulations  that  demonstrated

that   the   thermosalient   phase   transition   in   4-DBpFO   can   be   triggered   by   a   strong

1.5 THz   pulse .   We   employed   strong   THz   pulses   from   a   home-build   set   up   to

resonantly   pump   this   phonon   mode   while   the   structural   phase   transition   was

probed by tracing the THz-induced polarization rotation change of an optical probe

beam, using the birefringence change (see Chapter  2)  as  a  signature  of   the phase

transition.   However,   after   detailed   analysis,   it   is   shown   that   the   phase   transition

could   not   be   induced   by   the   THz   pulses.   Nevertheless,   THz   induced   SHG   (TSHG)

was   observed   and   turned   out   to   be   related   to   the   structural   phase   transition   in

4-DBpFO.   The   TSHG   is   not   only   interesting   as   it   is   observed   in   centrosymmetric

crystals,   but   also   for   future   studies   where   TSHG   can   be   utilized   as   a   probe

parameter   to   characterize   structural   phase   transitions.   Using   the   stronger   THz

pulses of the Nijmegen free electron laser FLARE we were indeed able to induce the

thermosalient   phase   transition   in   4-DBpFO,   however,   unfortunately   the   time

resolution of the experiment did not allow to follow this transition in real time.

6.2 Simulation of photoinduced phase transition in 4-

DBpFO

Photoinduced phase transitions allow ultrafast nonequilibrium phenomena such as

THz-induced   superconductivity ,   photoinduced   metal-insulator   transitions ,

ultrafast   melting   of   charge   and   orbital   order ,   optical   and   THz   switching   of

magnetic   states ,   and   light-induced   hexatic   state   in   a   layered   material .
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In chapter   4,   we   have   identified   the   frequencies   associated   with   the   order

parameter   of   the   structural   phase   transition   in   4-DBpFO.   Here,   we   aim   to   trigger

this   phase   transition   by   exciting   the   responsible   vibration   at   its   corresponding

frequency.   The simulations   were   performed   in   the   group   of   H.   Cuppen .   In

classical  simulations  with  point  charges,  vibrations  can be excited by  applying  an

oscillating   electric   field   which   leads   to   an   additional   force   on   the   atoms.   Dipole-

allowed   vibrations   respond   to   the   electric   field   directly   whereas   symmetrical

vibrations can be triggered by the electric field gradient.

Figure  6.1.  Simulation  of  triggering  the  phase  transition  by  an  a)  oscillating  electric  field  and  b)

oscillating electric field gradient. a) For the electric field, no energy is adsorbed and no phase change

can be observed. b) For the field gradient, the temperature (in red) increases and simultaneously the

system transforms to β, measured by a, c, θ, and φ. After the pulse ends, the system relaxes back to the

initial α from.

Figure 6.1a and b show the attempts of pumping the 1.0–1.5 THz mode by applying

an   oscillating   electric   field   and   electric   field   gradient   at   1.2   THz,   respectively.

The pulses   are   plotted   in   pink   and   blue,   respectively   and   the   temperature   of   the

system in red. The structural changes due to the pulse can be followed in terms of

crystal axis lengths a (purple) and c (orange) and the two dihedral angles  θ  and  φ

(dark   and   light   green).   The   electric-field   pulse   appears   not   to   lead   to   the

adsorption of energy, as indicated by the minimal temperature increase, nor to any

structural changes. A clear induced phase transition from the  α  to the  β  phase can

be   observed,   if   an   oscillating   electric-field-gradient   pulse   is   applied   instead,

coinciding with a temperature  increase and sudden changes in a,  c,  θ  and  φ.  This

indicates   that   the   1.0–1.5   THz   feature   is   Raman   and   not   IR   active,   in   excellent

agreement   with   the   observation   of   this   mode   in   the   experimental   Raman   spectra
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(see   Figure 4.9   in   Chapter   4).   The   changes   immediately   follow   the   temperature

increase   with   no   additional   delay,   indicating   that   the   phase   transition   does   not

require the transfer of  thermal energy into other vibrational modes except for this

low frequency mode. It is important to note that these simulations were performed

in   the   isoenthalphic-isobaric   ensemble   (NPH),   meaning   the   system   was   not

additionally   cooled.   However,   it   is   clear   from   Figure   6.1   that   the   maximum

temperature   (350   K)   remained   well   below   the   phase   transition   temperature   of

roughly   430   K,   confirming   that   the   phase   transition   was   purely   triggered   by   the

induced vibrations and not by temperature. As soon as the pulse ends, the system

relaxes back within 10 ps to the stable  α  form, still at 350 K. For the simulations in

Figure 6.1b, the electric field gradient was applied along the x axis. Gradients along

y and z did not result in any transition . 

In conclusion, when a THz pulse with the proper intensity and resonant frequency

is   applied,   the   phase   transition   occurs   instantaneously.   The   phase   transition

observed   in   Figure   6.1   is   induced   by   directly   triggering   the   responsible   low-

frequency   mode   and   is   accompanied   by   energy   absorption.   There   is   no   need   for

any redistribution of energy in this process. Once the pulse ends the system reverts

within 10 ps back to its initial  α  form.

In   the   simulations,   there   is   obviously   no   limitation   on   the   electric   field   strength

that   can   be   applied   on   the   sample   system.   Experimentally,   strong   field   gradients

can   be   generated   by   single-cycle   THz   generation   via   optical   rectification,   though

the   achievable   strength   is   limited   by   material   parameters .   In   the   following

sections,   two   different   approaches   (using   FLARE   and   table-top   THz   pulses)   are

presented   with   the   aim   to   trigger   the   structural   phase   transition   in   the

THz frequency.

6.3 THz pump driven phase transition using FLARE

A polarizing microscope was built with the FLARE free electron laser as a pumping

source to explore resonant pumping conditions of the structural phase transition in

4-DBpFO single crystals. The shape deformation from a square shape to a diamond

shape,   representing   the   structural   phase   transition   from   an   orthorhombic   to   a

monoclinic crystal structure, was first observed via a microscope, simply by heating

using a temperature controller. At the temperature of 451 K, two phase boundaries

originated from the parallel sides of the square shape crystal, propagating towards

each other and thus changing the crystal into a rhombic shape .
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In order to drive the phase transition in 4-DBpFO by pumping with a FLARE beam at

a low frequency,  different repetition rates of the micro pulses (20 MHz and 3 GHz)

were employed while the macro pulse was constantly operating at 5 Hz.  However,

no   effect   was   observed   at   20   MHz.   Therefore,   in   the   following   experiments,   the

FLARE beam was operating at 3 GHz repetition rate for the micro pulses.  

When   half   of   the   FLARE   beam   power   ( )   was   used   as

pump,   one   of   the   phase   boundaries   was   moving   forward   and   backward   within   a

very small distance (~20 μm). When the full power FLARE beam

( )   was   incident   on   the   crystal,   both   phase   boundaries

started   to   propagate   towards   each   other   and   quickly   relaxed   back   (Figure   6.2).

Notably,   this   forward-and-backward   movement   occurred   with   irregular   temporal

breaks,   which   could   be   related   to   power   fluctuations   of   FLARE   or   temperature

fluctuations   from   the   temperature   controller.   Therefore,   the   distance   of   this

movement   is   highly   dependent   on   the   pumping   power   from   FLARE   and   is

controllable by manipulating the pumping power and the temperature.

Figure 6.2. 4-DBpFO single crystal transforming via two parallel phase boundaries.

a)  With  exposure  to  FLARE  b)  Without  exposure  to  FLARE  and  c)  With  exposure  to  FLARE  again.  The

yellow circle and yellow straight line mark the location and the scale of the crystal, respectively. The

scale of the yellow line is about 110 μm, which is equivalent to the length of the square shape crystal.

While exposed to the FLARE beam, this crystal remained its position but the phase boundaries move

back and forth. The red arrows point out the position of the two parallel phase boundaries.

The square shaped sample was on a diamond substrate and the temperature of the

system   was   fixed   at   447.5   ±   0.5   K,   1   K   below   the   phase   transition.   Due   to   the

birefringence effect, the crystal is seen as a bright square through crossed polarizer

and   analyzer.   Upon   the   phase   transition,   two   dark   lines   (phase   boundaries)   from

both the bottom and top side of the crystal are seen via the polarizing microscope,

as   marked   with   red   arrows   in   Figure   6.2.   In   the   first   image,   these   two   phase

boundaries   were   close   to   each   other,   whereas   in   the   second   image   the   bottom

boundary completely relaxed back and the top boundary relaxed back to the edge

50mW, 1.0 ∗ 10 V/cm4 ( )

100mW, 4.0 ∗ 10 V/cm4 ( )
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of   the   crystal.   In   the   third   image   these   two   boundaries   propagated   towards   each

other again.

During   the   experiment,   the   jumping   behavior   of   4-DBpFO   crystal   was   also   seen

when  exposed  to  the  FLARE  beam.  Unfortunately,   the   jumping  was  too   fast   to  be

captured   by   the   camera,   whose   temporal   resolution   is   27   μs.   After   jumping,   the

crystal  ended up  in  a  standing position,   in  which only  the side face of  the crystal

was  in  touch with the diamond substrate  (Figure 6.3).  A   fast  and reversible  phase

transition   was   also   seen   when   the   crystal   was   exposed   to   FLARE   beam   in

this position.

Figure  6.3.  Standing  α-phase  4-DBpFO  crystal  transforming  via  parallel  phase  boundaries  upon

exposing to FLARE. This is the same single crystal as shown in Figure 6.2. The yellow circle and yellow

straight  line  have  the  same  scale  as  in  Figure  6.2.  The  red  arrow  points  to  the  two  parallel  phase

boundaries, which disappeared in the second image.

Figure 6.4. The rotation of α-phase 4-DBpFO single crystal induced by FLARE.

Clockwise  rotation with  respect  to  the  yellow line  marker  is  observed upon pumping by  FLARE.  The

presented rotation is about 180° and it is continuous when the FLARE is on. The birefringence change is

seen from the different brightness of  the sample.  The intensity change (bright-dark-bright)  indicates

the birefringence change during rotation.

Moreover,   a   continuous   rotation   (~180°)   of   a   4-DBpFO   crystal   was   also   observed

upon pumping with FLARE (Figure 6.4). The rotation is possibly due to the different

strain   between   two   layers   of   this   specific   crystal.   In   the   meantime,   the

birefringence   change   was   observed   through   the   polarizing   microscope   during   the

rotation, consistent with previous optical experiments.
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Eventually,   the  directions  of   the  in-plane  optical  axes   in  the middle  of   the crystal

became   permanently   changed   after   heating   the   crystal   10   °C   above   the   phase

transition temperature . 

In  summary,   driving  the  structural   phase   transition   in  4-DBpFO  single   crystal  was

achieved   by   applying   a   FLARE   beam   at   the   frequency   of   1.4   THz   and   a   power   of

100 mW, and this is captured by a home-built microscope setup, as shown in Figure

6.2. Unfortunately, due to the mismatch between the time scale of the dynamics of

the   phase   transition   (ps)   and   the   time   structure   of   the   FLARE   beam   (3   GHz   for

picosecond   micro   pulses   /   5   Hz   for   microsecond   macro   pulses),   time-resolved

pump-probe results  could not  be obtained to  disclose  the dynamics  of   the FLARE

induced structural phase transition in 4-DBpFO crystals.

6.4 Time resolved THz pump-optical probe experiments

To study the dynamics during the THz resonant driven structural phase transition in

4-DBpFO   crystals,   we   employed   a   table-top   THz   field   pump-optical   probe   setup.

Figure 2.10 shows a schematic picture of our THz pump-optical probe set up. 

For   the   THz   pump-optical   probe   experiments,   we   employed   strong   THz   pulses   as

the pump, which cover the spectral range from 0 to 2 THz, with a FWHM of 1.0 THz

(Figure   2.9).   The   intense,   nearly   single-cycle   THz   pulses   are   generated   by   tilted-

pulse-front   optical   rectification   in   LiNbO .   The   peak   amplitude   of   the   THz

electric field is up to 1 MV/cm centered around the frequency of 0.8 THz. The phase

transition was probed by measuring the birefringence of  a  probe beam at  800 nm

and   zero-time   delay   as   a   function   of   temperature   in   the   absence/presence   of   the

THz pulse.
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Figure 6.5. Time-resolved probe polarization rotation changes in α phase 4-DBpFO single crystal.

Figure   6.5   shows   a   typical   result   of   THz-induced   probe   polarization   rotation   in

α phase 4-DBpFO at 455 K (3 K below the phase transition).  Upon pumping by the

THz pulse, a strong polarization rotation is induced at the overlap (time zero). The

shape of  the signal  at  the overlap resembles  the squared shape of  the THz pump

pulses   (see   Figure   2.9a),   indicating   a   quadratic   THz   response   from   the   4-DBpFO

crystal. A frequency spectrum of the time domain signal after the overlap obtained

with   fast   Fourier   transformation   shows   that   no   lattice   vibrations   were   excited,   as

shown in the inset of Figure 6.5.

6.4.1 Pump polarization dependence

The dependence of the polarization rotational signal on the polarization of the THz

pulses was performed in order to find the optimal pump incident polarization. The

dependence   is   different   in   different   phases   of   the   4-DBpFO.   Figure   6.6   presented

3 states of the crystal: a) and d) correspond to the  α phase; b) and e) correspond to

the α →β transition state; and c) and f) correspond to the β phase.
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Figure  6.6.  The  THz  induced  polarization  rotation  dependence  on  the  THz  pump  polarization  in

different phases of the 4-DBpFO single crystal.

a)  Time-resolved  dynamic  measurements  in  the  α  phase  of  4-DBpFO  under  different  pump  incident

polarizations.  b)  Time-resolved  dynamic  measurements  in  transition  state  of  4-DBpFO  single  crystal

under  different  pump  incident  polarizations.  c)  Time-resolved  dynamic  measurements  in  β  phase

4-DBpFO under different pump incident polarizations. The polarization of the THz pump was rotated

from -90° to 90° in steps of 15°. d) Extracted maximum rotation value at time zero as a function of pump

polarization,  corresponding  to  the  α  phase.  e)  Extracted  maximum  rotation  value  at  time  zero  as  a

function of pump polarization, corresponding to transition state. f) Extracted maximum rotation value

at time zero as a function of pump polarization, corresponding to the β phase. 

As can be seen from the dynamic measurements, the THz induced rotation changes

dramatically  at  zero  time  delay,  where  the  THz  pump  and  800  nm  probe  overlap.

In the time range of several picoseconds, we did not observe significant dynamics.

Therefore,   we   extracted   the   rotation   change   at   time   zero   and   plotted   this

accordingly as a function of  THz pump polarization.  As can be seen in Figure 6.6c
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and 6.6f, the rotation value reaches its maximum at around 20° of the incident THz

pump   polarization   in   the β  phase,   whereas   this   polarization   produces   near   zero

rotational change in the transition state (Figure 6.6b and 6.6e).

6.4.2 Time-resolved THz induced polarization rotation

To   study   the   relation   of   the   THz   induced   polarization   rotation   with   the

thermosalient phase transition in 4-DBpFO, temperature dependent measurements

were performed.  The sample  system is   first  heated from 445 K to  465 K  and then

cooled down to 445 K again, with a heating/cooling rate of 5 K/min. As there is no

response   after   the   overlap,   we   mainly   focused   on   analysing   the   signal   at

the overlap.

Figure 6.7.  Time-resolved THz induced probe polarization rotation changes across the thermosalient

phase transition in 4-DBpFO.

The studied temperature range was focused around the phase transition temperature, from 445 K to

465 K. The intensity of the rotation decreases upon heating and it increases back to its original value

after cooling back to 455 K.

The   time-resolved   spectrum   at   time   zero   shows   completely   different   shape

between  α  phase (455 K)  and β  phase (458 K),  as  can be seen in Figure 6.7.  Upon

pumping   by   THz   pulses,   the   output   polarization   rotates   and   the   rotation   value

changes   with   temperature.   At   time   zero,   the   THz   induced   rotation   starts   with   a

negative maximum value (445 K),  when the temperature is increased, the intensity
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of  this  maximum decreases  and reaches  a  minimum at  the temperature  of  458 K,

where the crystal is transformed into the  β  phase. The intensity of the THz induced

rotation remains stable in the  β  phase (458 K – 465 K – 455 K). When the crystal is

cooled   down,   the   sample   transitions   back   from   the  β  phase   to   the  α  phase,   the

absolute intensity of the rotation increases again and recovers back to the original

value.   By   blocking   the   THz   beam,   we   can   measure   the   static   birefringence   in   the

same set up. The results are plotted in Figure 6.8 and show that both static and THz

induce   birefringence   show   a   hysteresis   loop   around   the   thermosalient

phase transition.

Figure  6.8.  The  static  linear  rotation  change  versus  dynamic  linear  rotation  change  as  function  of

temperature. a) Static linear rotation as function of temperature. Experimental data are plotted in dots

while solid lines are fitted trends upon heating (red)  and cooling (blue).  b)  Extracted linear rotation

change as  function of  temperature in  presence of  THz pump (1  MV/cm).  The raw data are extracted

from dynamic measurements (at zero time delay) as shown in figure 6.6. The fitting results are listed in

the table below.

Fitting results (K) Static rotation THz induced rotation

Transition temperature
α  → β

456.50±0.18 456.59±0.40

Transition duration
α  → β

5.52±0.42 2.26±0.96

Transition temperature
β  → α

449.69±0.05 449.65±1.06

Transition duration
β  → α

0.62±0.07 3.10±3.87

Table 6.1. The comparison of fitting results between static linear rotation change and dynamic linear
rotation change presented in Figure 6.7.

The transition temperature denotes the critical temperature where the phase transition occurs. 

The transition duration denotes the energy barrier (heat) that is needed for the transition to complete.
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Based   on   the   fitted   data   shown   in   Table   6.1,   it   seems   that   the   needed   transition

energy   (as   indicated   by   the   transition   duration)   is   lower   when   the   THz   pulse   is

present   (2.26±0.96   K   <   5.53±0.42   K)   whereas   the   onset   temperatures   for   the

reversible  phase  transitions   (α  →  β  and  β  →α)  are  the  same.  However,   this  can be

influenced   by   multiple   reasons.   Figure   6.9   is   the   same   set   of   data   but   with   an

analysis including the heating rate factor. The corrected results seem to match each

other very well, meaning the two parameters, transition temperature and transition

duration, do not change upon the application of a THz pulse. 

Figure 6.9.  Corrected heating and cooling polarization rotation change in the absence/presence of a

THz pump.

Raw experimental  data of  polarization rotation change during a)  heating and b)  cooling processes.

Corrected data based on the heating rate (2 K/min) during heating c) and cooling d). The red dots and

curves represent the polarization rotation change in the presence of THz pump pulses whereas the blue

ones  represent  the  polarization  rotation  change  without  THz  pump.  The  dots  are  acquired  during

experiments at certain temperatures while the lines are fitted results by Sigmoid function.
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6.4.3 Pump power dependence

To gain more insight in a potential THz effect on the phase transition, pump power

dependent   measurements   were   carried   out   under   identical   experimental

conditions.   The   THz   pump   pulse   was   firstly   blocked   to   ensure   zero   power   of   the

THz   pump,   and   a   hysteresis   loop   of   the   detected   probe   polarization   rotation   was

obtained   after   a   heating   and   cooling   cycle,   as   plotted   in   Figure   6.10a.   This   is

compared   to   the   polarization   rotation   change   under   the   presence   of   THz   pump

pulses with a strength of 500 KV/cm, 750 KV/cm and a maximum of 1000 KV/cm, as

presented in Figure 6.10.

Figure 6.10. The polarization rotation change induced by the THz pump with a power of a) 0 KV/cm, b)

500 KV/cm, c) 750 KV/cm and d) 1000 KV/cm. The raw data are plotted in dots (red for heating and blue

for cooling) and the solid lines indicate the fitted results with a step function.

The difference of the rotation values between the high temperature phase and the

low temperature phase is  a result  from the structural  phase transition of  4-DBpFO

and   it   increases   with   the   increase   of   pump   power.   The   absolute   THz   induced

rotation values (0.003°,  0.007° and 0.012°,  as obtained from Figure 6.10b, c,  and d)

increase quadratically with the input THz pump power (500 KV/cm, 750 KV/cm, 1000

KV/cm).   This   matches   with   the   discussion   of   Figure   6.5   that   4-DBpFO   responses

quadratically to the THz pulses.  

THz pump-optical probe study of the thermosalient phase transition in 4-DBpFO single crystals 117



Fitting results (K) 1000 KV/cm 750 KV/cm 500 KV/cm 0 KV/cm

Transition temperature
α  → β

455.62±0.10 455.33±0.10 455.79±0.15 455.92±0.07

Transition duration
α  → β

1.82±0.23 2.01±0.23 1.68±0.31 1.30±0.15

Transition temperature
β  → α

450.43±0.11 450.60±0.09 450.29±0.18 450.16±0.08

Transition duration
β  →α

2.89±0.29 3.27±0.24 3.96±0.51 2.21±0.19

Table 6.2.  The comparison of fitting results between static linear rotation change and dynamic linear

rotation change presented in Figure 6.10.

In   summary,   a   detailed   analysis   of   the   experimental   results   shows   no   THz   pump

impact   on   the   phase   transition   temperature,   neither   on   the   phase   transition

duration.   This   is   most   likely   due   to   the   fact   that   the   THz   gradient   applied   in   the

experiment is five orders of magnitude smaller than the one used in the theoretical

simulations. The calculated electric-field-gradient in the experiment was: 

The   theoretically   applied   electric-field-gradient   was: =   ,

which is more than five orders of magnitude higher.  

On the other hand, the field strength of the FLARE pulses is calculated   to be

: 

: pulse energy, 

: diameter of the THz spot at the sample, 1 mm 

: speed of light in vacuum, 

: permittivity of vacuum, 

: pulse width, 20 ps

The electric-field-gradient for the FLARE beam is calculated to be: 

∇E = = 6.7 ∗ 10 V/cmTHz
3 ∗ 10 cm/s ∗ 0.5ps10

1M V/cm 7 ( 2)

∇Etheory 1 ∗ 10 (V/cm )13 2

138-140

E =FLARE 4.0 ∗ 10 V/cm4 ( )

E =FLARE 0.3622πw ϵ cΔt2
0

J

J 1μJ

w

c 3 ∗ 10 (m/s)8

ϵ0 8.854 ∗ 10 (F /m)−12

Δt
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In both the FLARE experiment and the strong THz pump-probe study, the goal was

to resonantly pump the structural phase transition as the wavelength was set close

to the phonon mode (1.2 THz) calculated in section 6.2. This could not be achieved,

most likely because the electric field gradients in both cases were several orders of

magnitude   weaker   than   the   theoretically   predicted   one.   However,   a   phase

boundary movement was observed in the FLARE experiment. This is likely due to a

heating   effect   for   2   reasons:   first,   the   effect   only   occurred   at   high   repetition   rate

(3 GHz,   instead   of   20   MHz);   second,   the   electric   field   gradient   was   not   enough   to

drive the phase transition resonantly compared to simulation results.  

Besides, pumped by the FLARE beam, it was only possible to see the movements of

the phase boundary.  The complete shape transformation of  the single crystal  was

achieved only by heating the sample directly  in contact with a heating stage.  This

indicates that transforming the whole single crystal requires a higher power of the

pumping   beam.   Moreover,   the   movement   of   the   phase   boundary   in   the   FLARE

experiment  is  on the microsecond time scale,  which  is  too slow to be detected in

an ultrafast THz pump-optical probe experiment, which normally detects dynamics

on the picosecond timescale.

6.5 THz induced SHG across phase transition

Both  the  α  and  β  phases  of  4-DBpFO  feature  a  centrosymmetric  crystal  structure,

making  it   intrinsically  non-responsive to even order  nonlinear  optical  effects  such

as   second   harmonic   generation.   However,   as   discussed   in   section   1.2.2,   when

strong THz pump pulse is applied, SHG signals can be observed even in a medium

with   centrosymmetric   structure.   Besides,   SHG   is   often   used   as   an   efficient   probe

method in ultrafast pump-probe experiments .

∇E = = 6.7 ∗ 10 V/cmFLARE
3 ∗ 10 cm/s ∗ 20ps10

4.0 ∗ 10 V/cm4
4 ( 2)
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Figure 6.11. Time-resolved oscillations of THz induced SHG.

a)  Time-resolved  SHG  signal.  The  inset  is  a  magnified  view  of  the  oscillations  at  360  K.  b)  Fourier

transformation of the oscillation shown in a). 

Both  α  (orthorhombic   Pnma)   and  β  phases   (monoclinic   P2 /n)   possess

centrosymmetric crystal structures, meaning that there is no intrinsic SHG emission

from   the   4-DBpFO   single   crystal.   However,   with   the   strong   THz   pulse   serving   as

pump   beam,   a   THz   induced   SHG   (TSHG)   is   observed   during   the   measurements.

Moreover,   the   TSHG   signal   shows   a   similar   hysteresis   loop   as   linear   polarization

rotation   change   described   in   session   6.4.2.   This   suggests   that   the   TSHG   is   also

sensitive   to   the   birefringent   change   during   the   structural   phase   transition,   as   the

TSHG signal is originally polarized. Therefore, changes in the TSHG signal contains

information about the phase transition.

1
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With FFT a strong oscillation mode at 1.0 THz is observed, which coincide with the

predicted   resonant   phonon   mode   that   triggers   the   structural   phase   transition   in

4-DBpFO (as discussed in the section below). 

Figure 6.12. The THz induced SHG signal as a function of temperature.

THz induced SHG intensity is detected at the wavelength of 400 nm with full strength THz pump and 800

nm probe. The temperature remains in the vicinity of the phase transition temperature to ensure the

occurrence of the reversible structural phase transition on the 4-DBpFO crystal. Experimental data are

plotted in dots while solid lines are fitted tendencies upon heating (red) and cooling (blue).

We   tracked   the   TSHG   intensity   at   zero   time   delay   when   the   sample   system   was

going   through   a   heating   and   cooling   cycle.   The   signal   is   induced   by   the   full

strength   of   THz   pulses   (1   MV/cm).   The   as-observed   SHG   intensity   is   plotted   in

Figure   6.12.   The   raw   data   are   fitted   with   equation   2.1.   The   TSHG   seems   to   be   an

effective   way   to   mark   the   completion   of   the  α→β  phase   transition   in   4-DBpFO

single crystals.  

6.6 Conclusion and outlook 

Static   experiment   using   FLARE   as   pump   has   shown   the   possibility   to   trigger   the

structural  phase transition  in  4-DBpFO single  crystals.  The home-built  microscope

setup   recorded   the   phase   boundary   movements   upon   shining   of   FLARE   beam.

Unfortunately, no dynamic measurements could be realized using FLARE. 

The   simulation   results   discussed   in   Chapter   3   found   a   good   match   with   the

experimental   Raman   spectra   and   also   suggested   that   the   phase   transition   in
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4-DBpFO   crystal   can   be   resonantly   driven   by   applying   a   pulse   of   an   electric   field

gradient   in   the   frequency   range   of   1.0-1.5   THz.   Therefore,   time-resolved

measurements   using   strong   THz   (1   MV/cm)   pulses   as   pump   and   optical   pulses

(800 nm) as probe have been applied to study the THz induced phase transition in

4-DBpFO   single   crystals.   4-DBpFO   crystals   showed   a   quadratic   response   in   the

birefringence   at   the   overlap   of   pump   and   probe   pulses.   A   hysteresis   change   was

observed upon the phase transition with and without THz pump pulses.  However,

after detailed analysis, it was shown that the THz pump had no measurable impact

on the transition  temperature  nor  the transition  energy needed  during heating or

cooling.   This   is   likely   due   to   the   relatively   weak   electric   field   gradient   in   the   lab

comparing to the theoretical calculations.  

In   addition,   THz   induced   Second   Harmonic   Generation   (TSHG)   was   shown   to   be

closely   related   to   the   structural   change   in   4-DBpFO,   which   could   be   a   new

approach to study the structural phase transition in 4-DBpFO.
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Summary and outlook

In   summary,   to   reveal   the   origin   of   the   intriguing   thermosalient   structural   phase

transition   in   the   molecular   crystal   4-DBpFO,   its   static   and   dynamic   optical

properties   were   studied   using   various   spectroscopic   methods.   First,   the

birefringence   and   fluorescence   properties   of   the   crystal   were   investigated   as   a

function   of   temperature.   Although   fluorescence   emission   gave   no   particular

changes across the phase transition, the birefringence changed dramatically at the

transition from the α to the β phase. This change in birefringence is further used as

a probe in time-resolved pump-probe experiments.  

In-situ Raman experiment combined with molecular dynamic simulations disclosed

the   order   parameter   during   the   structural   phase   transition   in   4-DBpFO   and

presented two phonon modes at low frequency, the wagging mode of ring2 groups

at 55 cm  and the torsion motion at 106 cm  between ring1 and ring2 groups, that

together   are   responsible   for   the   structural   phase   transition   in   4-DBpFO.   To

experimentally follow these modes as a function of the order parameter, we used a

line-scan   technique   across   a   temperature   controllable   phase   boundary   between

the   two  phases.   As   predicted  by   simulations,   strong   THz   laser   pulses   at   around

1.5 THz   (~55cm )   are   expected   to   non-thermally   trigger   the   phase   transition   in

4-DBpFO   single   crystals.   The   study   of   this   is   presented   in   Chapter   6   and   partly

confirmed this.  

Ultrafast optical pump-probe experiments were performed with the aim to disclose

the dynamics during the structural phase transition in 4-DBpFO. Based on a home-

built   setup,   the   time-resolved   transmission   was   first   studied.   The   results

demonstrate   two   mechanisms,   a   fast   decay   with   amplitude   A1   and   a   slow   decay

with amplitude A2 and with  decay times of  a   few hundreds of  picoseconds and a

few   nanoseconds,   respectively.   These   two   exponential   decays   after   optical

excitation   reflect   the   dynamics   of   electron   charges   from   excited   states.   As   the

decay   time   lasts   longer   than   nanoseconds,   it   suggests   that   the   excited   electrons

will  not come back to their ground state in a few nanoseconds, indicating that the

sample   system needs  more   time   to   relax  back   to   its  original   state.  However,   the

pump we applied is operating at 1kHz, giving a millisecond time for the system to

relax   before   the   next   pump   comes.   Therefore,   between   two   pump   pulses,   the

sample should be relaxed back. 

The observed optical  pump-induced polarization rotation of  the probe beam does

mark   the   structural   phase   transition   in   4-DBpFO   crystals   and   is   dominated   by   a

-1 -1
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single   mechanism.   The   polarization   rotation   first   increases   in   the  α  phase   and

reaches   a   saturation   state   when   the   temperature   is   near   the   critical   temperature.

When the phase transition happens, the crystal changes its shape which leads to a

significant   change  of   rotation  value  due  to   the  sheared  orientation  of   the  crystal.

The   underlying   mechanism   is   analysed   by   fitting   its   decay   time   and   amplitude.

Both   the   decay   time   and   amplitude   give   a   step-like   behaviour   at   the   transition.

The onset temperatures obtained by fitting the polarization rotation and the decay

time have a relatively large difference. This is explained by the combination of local

heating   and   the   nucleation-and-growth   mechanism   of   the   structural   phase

transition in 4-DBpFO. 

A  static  measurement  using THz pulses  from the FLARE beam of  the free electron

laser facility FELIX as pump has shown that the phase transition in 4-DBpFO can be

triggered at a frequency near 1.5 THz. Therefore, a table top strong THz pump and

optical   probe   experiment   was   designed   and   carried   out.   A   strong   quadratic

response   was   observed   at   the   overlap   of   the   THz   pump   and   the   optical   probe

pulses.   However,   when   varying   the   pump   powers,   no   measurable   impact   was

observed on the transition temperature nor on the transition energy needed during

heating or cooling. Thus, no phase transition occurs under the pump of strong THz

pulses   up   to   1MV/cm.   This   could   be   because   of   the   relatively   weak   electric   field

gradient in the table top experiment compared to the theoretical simulations.  

As   an   outlook,   the   line-scan   technique   that   we   used   in   Chapter   4   might   be   an

effective tool to study phase transitions, where the phase boundary is controllable

under certain conditions. Although the dynamics of the phase transition is still  not

clear at the microscopic level,  the optical pump-probe experiment has shown that

the   thermosalient   phase   transition   in   4-DBpFO   can   be   driven   by   ultrafast   laser

pulses,   opening   the   door   for   ultrafast   dynamic   studies   on   other   thermosalient

crystals using proper optical tools.  

For   example,   the   dynamics   of   the   phase   transition   in   4-DBpFO   can   be   further

studied   by   an   optical   pump   and   X-ray   probe,   as   a   400   nm   pump   is   capable   of

bringing the sample over the phase transition, while an X-ray probe may provide an

insight in the atomic movements at the structural phase transition. As a next step,

a   THz   pump   and   an   X-ray   probe   could   be   used   to   study   the   details   of   coherently

controlling the phase transition. 
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Samenvatting en vooruitzicht

Samenvattend,   om   de   oorsprong   van   de   intrigerende   thermosalient   structurele

faseovergang in het moleculaire kristal  4-DBpFO te onthullen,  werden de statische

en  dynamische  optische   eigenschappen   bestudeerd  met  behulp  van   verschillende

spectroscopische   methoden.   Eerst   werden   de   dubbelbreking   en   fluorescentie

eigenschappen van het  kristal  onderzocht  als   functie  van de temperatuur.  Hoewel

de   fluorescentie-emissie   geen   specifieke   veranderingen   vertoonde   tijdens   de

faseovergang,  veranderde de dubbelbreking drastisch bij  de overgang van de alfa-

naar   de   bètafase.   Deze   verandering   in   dubbelbreking   werd   later   gebruikt   als   een

probe voor tijdsopgeloste pomp-probe-experimenten.

Een in-situ Raman-experiment, gecombineerd met moleculaire dynamicasimulaties,

onthulde   dat   de   ordeparameter   voor   de   structurele   faseovergang   in   4-DBpFO

gekoppeld is aan twee laag frequente roostertrillingen: de "wagging" (rotatie) mode

van de ring2-groepen bij  55 cm⁻¹ en de torsiebeweging tussen de ring1-  en ring2-

groepen   bij   106   cm⁻¹.   Samen   blijken   deze   twee   verantwoordelijk   voor   de

structurele   faseovergang   in   4-DBpFO.   Om   deze   roostertrillingen   experimenteel   te

bestuderen als   functie  van de ordeparameter,  werd een  lijn-scantechniek  gebruikt

over een fasegrens tussen de twee fasen. Dit  was mogelijk doordat deze fasegrens

met   behulp   van   de   temperatuur   gestabiliseerd   kon   worden.   De   simulaties

voorspelden   ook   dat   een   sterke   THz-laserpulse   rond   de   1,5   THz   (~55cm )   de

faseovergang   in   4-DBpFO   niet-thermisch   kan   activeren.   Dit   wordt   besproken   in

Hoofdstuk 6, waar deze hypothese gedeeltelijk werd bevestigd.

Ultrasnelle optische pomp-probe-experimenten werden uitgevoerd met als doel de

dynamika tijdens de structurele faseovergang in 4-DBpFO te onthullen. Met behulp

van een zelfgebouwde opstelling werd de tijdsafhankelijke transmissie bestudeerd.

De   resultaten   tonen   twee   mechanismen   aan:   een   snelle   vervalcomponent   met

amplitude   A1   en   een   langzame   vervalcomponent   met   amplitude   A2,   met

vervaltijden   van   respectievelijk   een   paar   honderd   picoseconden   en   een   paar

nanoseconden.   Deze   twee   exponentiële   vervallen   na   optische   excitatie

weerspiegelen de dynamika van de ladingsdragers vanuit geëxciteerde toestanden.

Aangezien de vervaltijd langer duurt dan enkele nanoseconden, suggereert dit  dat

de geëxciteerde elektronen niet binnen enkele nanoseconden terugkeren naar hun

grondtoestand.   Dit   impliceert   dat   het   systeem   meer   tijd   nodig   heeft   om   terug   te

keren naar zijn oorspronkelijke toestand. Echter, aangezien de pomp werkt met een

herhalingsfrequentie   van   1   kHz,   heeft   het   systeem   enkele  milliseconden   om   te

relaxeren voordat de volgende pomppuls arriveert, wat ruim voldoende moet zijn.
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De   waargenomen   optische   pomp-geïnduceerde   polarisatierotatie   van   de   probe

markeert de structurele faseovergang in 4-DBpFO-kristallen en wordt gedomineerd

door een enkel  mechanisme. De polarisatierotatie neemt eerst  toe in de α-fase en

bereikt   een   verzadigingsniveau   wanneer   de   temperatuur   nabij   de   kritische

temperatuur komt. Wanneer de faseovergang plaatsvindt, verandert de kristalvorm,

wat   leidt   tot   een   significante   verandering   in   de   rotatiewaarde   door   de

afschuiforiëntatie   van   het   kristal.   Het   onderliggende   mechanisme   werd

geanalyseerd   door  de   vervaltijd  en   amplitude   te   fitten.  Zowel  de  vervaltijd  als  de

amplitude   vertonen   een   stapachtige   verandering   bij   de   overgang.   De   onset-

temperaturen   verkregen   uit   het   fitten   van   de   polarisatierotatie   en   de   vervaltijd

vertonen  een  relatief  groot  verschil.  Dit  wordt  verklaard  door  een  combinatie  van

lokale   verhitting   en   het   nucleatie-en-groei-mechanisme   van   de   structurele

faseovergang in 4-DBpFO.

Een statische meting met behulp van THz-pulsen van de FLARE-bundel van de vrije-

elektronenlaserfaciliteit   FELIX   als   pomp   heeft   aangetoond   dat   de   faseovergang   in

4-DBpFO kan worden geactiveerd bij een frequentie rond 1,5 THz. Daarom werd een

laboratorium-experiment   ontworpen   en   uitgevoerd   met   een   laser-geinduceerde

THz-pomp   en   een   optische   probe.   Een   sterke   kwadratische   respons   werd

waargenomen wanneer de THz-pomp- en optische probe-pulsen overlappen in tijd.

Echter,   bij   variatie   van   de   pompintensiteit   werd   geen   meetbare   invloed

waargenomen   op   de   overgangstemperatuur   noch   op   de   energie   die   nodig   is   voor

de   faseovergang   tijdens   verwarming   of   koeling.   Dit   betekent   dat   er   geen

faseovergang   optreedt   onder   invloed   van   optisch   gegenereerde   THz-pulsen   tot

1 MV/cm. Dit zou kunnen komen door het relatief zwakke elektrisch veldgradiënt in

het experiment vergeleken met de simulaties.

Wat   betreft   de   toekomst:   De   lijn-scantechniek   die   we   in   Hoofdstuk   4   gebruikten,

zou een effectief hulpmiddel kunnen zijn voor het bestuderen van faseovergangen,

waarbij de fasegrens onder bepaalde omstandigheden controleerbaar is. Hoewel de

dynamika van de faseovergang op microscopisch niveau nog niet volledig begrepen

is,   heeft   het   optische   pomp-probe-experiment   aangetoond   dat   de   thermosalient

faseovergang in 4-DBpFO kan worden aangedreven door ultrasnelle laserpulsen. Dit

opent   de   deur   naar   verdere   studies   over   ultrasnelle   dynamica   in   andere

thermosaliente kristallen met behulp van geschikte optische technieken.

Bijvoorbeeld,   de   dynamika   van   de   faseovergang   in   4-DBpFO   kan   verder   worden

onderzocht met een optische pomp en een röntgenprobe.  Een 400 nm pomp is   in

staat   om   het   kristal   over   de   faseovergang   te   brengen,   terwijl   de   röntgenprobe

inzicht  kan geven  in  de atomaire  bewegingen tijdens  de structurele   faseovergang.

Als volgende stap zou een THz-pomp gecombineerd met een röntgenprobe kunnen
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worden   gebruikt   om   de   details   van   coherente   controle   over   de   faseovergang

te bestuderen.
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