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General introduction

Manufacturing nanomaterials with new functional alaipties appears today as a promising
way to develop sustainable and cost-efficient pgses and specific applications. Especially,
the high versatility and possibility to tune projges of switchable molecular materials such as
spin crossover and valence-tautomeric complexes which a switching between the two
electronic states can be induced by various extgradurbations (temperature, pressure,
magnetic field, light, etc...)lVols- 233-235, Topics in Current Chemistry ser@04 ~qnfars g promising
market potential on these compounds in potentipliegtions, such as memories, switching
devices and sensors. The main advantage of usafgnsalecular materials is that:

1) They have the possibility to show a transition@bometer scales.
2) They involve a change of the electronic statesulting in a very fast and sharp
transition between these metastable states.

3) They provide a wide range of flexibility to desigaw materials.

The switching between the two electronic stateslieapimportant changes of crystal
structure, bond lengths and that of the moleculalume. Therefore, the bistability is
accompanied with apectacular change of various physical propertieBeside the well-
known magnetic, mechanical and colour changesgoup among others have shown that
the spin state change is accompanied also bymgortant variation in the dielectric
constant (¢) in a wide frequency range (kHz-THz-vis) and evsssteresis loops of have
been Observed around room temperat[ﬁpéslseksou et al. J. Mater. Chem. 13, 2003, 2@8%oshi et al. J. Mater.
Chem. 15, 2005, 329, Loutete-Dangui et al. Phys. B 75, 2007, 184425'Using this property,

capacitance or

photonic measurements can be used to “read” tie stéhe system.

Most work on spin crossover (SCO) complexes isqueréd on powder samples using
temperature, pressure, light irradiation (at lomperatures) and intense magnetic field as
stimuli for the occurrence of the spin transitidiese triggers are usually not compatible
with industrial needs. Moreover the typical methodisvoted to investigate the SCO

phenomenon become limited and inappropriate whenreaches the nanoscale size (thin
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films). To overcome these limitations we propose dievelopment of alternative methods. In
this thesiswe have worked on these two important problems:

The first objective is to seekreew trigger for switchable molecular compoundswhich is
the application of an external electric field To this aim we have identified a promising
family of compounds — valence tautomeric complex@s which the bistability is associated
with an electron transfer between different metaisi The second objective is to find an
appropriate investigation tool for nanometer sizedspin crossover compoundsTo this
aim we have selectedurface plasmon resonance spectroscopyhich can sense the
refractive index and thickness changes upon SQfltrathin films.

Chapter | of the thesis introduces briefly the reader to tioh properties of switchable
molecular materials. The effects of different em&rstimuli (temperature, pressure, magnetic
field, light irradiation, and chemical species),igfhcan induce a transition between the two
states and the tools used to investigate the spilmase transition are discussed. The state of

the art in the size reduction of these materidili; films and nanoparticles) is also introduced.

Chapter 1l is devoted to the electrical investigations. Wepmse for the first time the
application of an external electric field as adgeg which can induce a transition between the
two meta-stable states in valence tautomeric caxepleln parallel we will investigate the
charge transport and dielectric properties of thedence tautomeric complexes. We will also
investigate the dielectric properties of the SC@plex [Fe(HB(pzj).] both in the bulk and
thin film forms, and propose a non-volatile readyomemory device, which can store

information by high and low resistance states.

Chapter Il presents an introduction to the surface plasmoongesce spectroscopy (SPR).
We will demonstrate theoretically as well as expemntally that the SPR spectroscopy is a
powerful tool to determine the refractive index d@hitkness even in ultra thin films of SCO

complexes as well as the changes of these properien the SCO.

The second chapter is based on the following papers
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- G. Molnéar, S. Cobo, T. Mahfoudet al, Interplaybetween the charge transport

phenomenaand the charge-transfer phase transition inMRpFe(CN)]y.zH,O, J.
Phys. Chem. C133 (2009), 2586.
- Tarik Mahfoud et al, Electric-Field-Induced Charge-Transfer $ghdransition: A

Promising Approach Toward Electrically SwitchablevizesJ. Am. Chem. Soc131
(2009), 15049.
- L. Salmon, G. Molnar, S. Cobo, T. Mahfqudt al. Re-investigation of the spin

crossover phenomenon in the ferrous complex [FefEBE)], New J. Chem 33
(2009), 1283.
- T. Mahfoud et al. Thin films of the [Fe(HB(p2)] spin crossover complex: electrical

properties and non-volatile memory effesppl. Phys. Lett. submitted.

The third chapter is based on the following puldtspaper:

- Carlos Bartual-Murgui, Lionel Salmon, Amal Akou, i@&tophe Thibault, Gabor

Molnar, Tarik Mahfoud Zouheir Sekkat, Jose Antonio Real and Azzedine

Bousseksouhigh quality nano-patterned thin films of the cdoedion compound
{Fe(pyrazine)[Pt(CNj]} deposited layer-by-layer, New J. Chem, (2011),
DOI:10.1039/c1nj20212j.




Chapter I: Introduction to the molecular bistabilit y

Chapter I: Introduction to the molecular bistabilt

[.1 Spin crossover complexes

About 80 years ago, a fascinating change in the sqiltiplicity of some3d transition metal
compounds was discovered. The phenomenon was @dservcertain complexes of metal
ions having 8d" (n = 4 to 7) electron configuration with (pseudayctahedral (¢ molecular
symmetry, where six donor atoms form an octahedronnd the metal ion, and for sonfe d
configurations where the molecular symmetry is lowen Q. Cambi and co-workers had
been the pioneers of this wdfiR™' 31 €ambi 371 Thair measurement of the unusual magnetism
of iron (Ill) derivatives of various tris-dithiodaamate complexes led to the first recognition
of the inter-conversion of two spin states as alted variation in temperature, according to
an equilibrium between the two states predictedassible ground states for an octahedrally
coordinated metal ion having five electrons in dhehell. These two states are called the low-
spin (LS) and the high-spin (HS) state. Later thi@ srossover phenomenon was discovered
for the first iron(ll) complex [Fe(phesNCS)] (phen =1,10-phenanthrolinéf*®" %4, This
compound marks the beginning of a very deep rekdarthis field. Actually, this effect is
found essentially for iron(ll), iron(lll) and col@ll) complexes, but also occasionally in
complexes of nickel(ll), cobalt(lll) and manganéBg(However, the majority of known spin
crossover complexes today have iron(ll) as centietl ion and several in depth studies on a
number of iron(ll) complexes addressing many déifdéraspects of spin crossover have been
published®™" %4 | the following, we will try to explain and de#ze how spin crossover

occurs using iron (1) compounds as an example.

In a perfectly octahedral coordination, the fBaorbitals of a the iron(ll) ion are split into a
subset of three orbitals, namelyy,dd, and d,, which are basis to the irreducible
representationy§, and a subset of two orbitals, namely ahd d».,», which are basis to the
irreducible representatiorny & O, symmetry ( Fig.l.1). They orbitals are basically non-
bonding and are therefore at lower energy thanatitebonding g orbitals. The splitting
between the two sets is called the ligand fieldtspd and is characterized by the ligand field
strength, 10Dg. 10Dq depends on the metal-ligasthdce as 1lrwith n = 5-6 and it has to

be determined experimentally.
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10DgS

Free ion M>10Dq M<10Dq
S=2 S=0
5T29 1Alg

Fig.l.1: The electronic configurations of the two possibteugd states for iron(ll) in an
octahedral complex.

The ligands, which cause a small splitting of therditals, are referred to as weak-field
ligands. We have to consider in addition to tharig field, the electron-electron repulsion,
named spin-pairing enerdy. When the value ofl is larger tharllODgq, it is easier to put
electrons into the higher energy set of orbitadsth is to put two into the same low-energy
orbital, according to Hund’s rule. Subsequently ge¢ maximum spin multiplicityTog (t2g’
egz) and we call this paramagnetic ground state high-spin (HS) state. Conversely,
complexes with a ligand-field, which cause a largglitting, are referred to as strong-field
ligands. If10Dgis large compared to the electron-electron repnlsihe sixd electrons will
pair up in thetyq orbitals. Therefore, the lower set of orbitals @mpletely filled before
population of the upper set starts resulting inamégneticJow-spin (LS)lAlg (tzge) ground
state (Fig.l.1).
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Ay
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0 10 20 30
10Dqg/B

Fig.l.2: Tanabe-Sugano diagram for a transition metal iothvgix d electrons, showing the
energy of the excited ligand-field states in upitthe Racah parameter of electron-electron

repulsion B relative to the respective ground stasrsus the ligand-field strength 10Dq also
in units of B[Sugano 70, Hauser 04]

The metal ligand bond lengths of th& compounds with occupied anti-bondiggorbitals

are substantially larger than thoseL& compounds. The difference between the two metal-
ligand bond lengths is typically around 0.2 A, whicorresponds to a change aaf. 10 %.
(This bond length change is accompanied also byliamge of bond angles.) However, the
ligand field strength is a strong function of thetai — ligand distancedQDq a r ). One has

to keep in mind also that, contrary 10Dq the electron-electron interaction depends only
weakly onr. During the transition the metal-ligand bond léngthanges abruptly and
therefore 10Dqg changes abruptly, too. The ratithefligand field strengths in the two spin
states is given by the equation:

10D _ (rHs)” (1)

10Dd™  \res

I'Bs

with n = 5-6. Using average values of 2.0A and ps= 2.2A and n = 6, this ratio is
estimated to be ~1.75.
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From the condition that the zero-point energy défeedE%. between the two state$E%,

= E%s - E°Ls, must be of the order of thermally accessible girerksT, we can define ranges
for the ligand field strength 10Dq for each sta&tig(re 1.3):

a) 10Dd" < 10000 crit, 4E%. < 0:

The HS state is the thermodynamically stable stdtall temperatures (at atmospheric
pressure).

b) 10Dd > 23000 crit, AE%. > 2000 cril-

The LS state remains the thermodynamically staike sip to very high temperatures.

c) Finally, we define the narrow range for whicle thenomenon of a thermal spin crossover
can be expected:0Dd"® = 11000 — 12500 cthfor the HS statel,0Dd> = 19000 — 22000 cm

! for the LS state andE®%. = 0 — 2000 crl.

10000

T
1

LS

5000 :_ lqu”S

L
~
o
L]
L
»
o
L]
~
-

T

L 1 s L L L 1 . 2 L L ! N
10000 20000 30000
10Dg™  10Dg”®  [em™]

-10000/

Fig..3: Regions of stability of the HS and LS states amation of 10Dgfauser 041

Considering the dependence of the ligand fielchgtiteon the metal-ligand distance r, and the
Tanabe-Sugano diagrafif®"°% (figure 1.2), which depicts the electronic energifsthe
exited states relative to the respective grountk sta a function of the ligand-field strength
10Dg we can estimate in function ofan appropriate potential surface for edthand ‘A
states. In the configurational coordinate diagrédigure 1.4) along the totally symmetric
stretching vibration, the minima of the two potahtivells are displaced relative to each other,
both vertically and horizontally. Based on suchiagchm,the condition for a thermal spin
crossover to occur becomes apparent: the zero-poargy differencelE%. has to be of the

order of thermally accessible energies. If sudhéscasepnly theLS ¢A;) state as the ground
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state is occupied at very low temperatures. Howea®ithe temperature increases an almost

quantitative entropy driven population of tH8 (°T,) state will take place.

N HS STATE
3 -

8 S=

QO -

o

%_ LS STATE 4 i
5 8=

[0)]

|
|
L
|

. , . - 1 ; : r (Fe-L)
rHS

Fig.l.4: Adiabatic potentials for the high-spin and the Iepin states along the most
important reaction coordinate for spin crossovesimely the totally symmetric metal-
ligand stretching vibration denoted r(Fe-L).

[.1.1 The thermal spin crossover phenomenon

Under various constraints such as temperature ti@ar&g pressure, light irradiation, or
magnetic field, the spin crossover phenomenon eamdiuced. The spin crossover induced
by the change of temperature remains the most conway of monitoring a spin transition.
The reversible thermal spin transition is entropiyeh and occurs from theS state at low
temperatures to an almost quantitative populatioihh@HS state at elevated temperatures. A
spin transition curve is conventionally obtainednira plot of high spin fractiony(s) vs.
temperatureT).

The thermally induced spin transition may be unecs on the basis of simple
thermodynamic considerations. The variation ofgha state involves equilibrium between
the two possible states, expressed byGhis free energequation: 4G = Gys— G.s = 4H

— TAS,where the variation of the Gibbs free enedfy is a function of the enthalpyld =

Hus - His) andentropy variations4S = Sis- ). In a first approximation the variation of the
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enthalpy is directly related to the electronic cimition AH.. (Here, we did not take into
account the vibrational contribution 4Bbl,i,<<4He.) On the other hand the variation of the
entropy A4S (AS=Sect As,ib+/2<§mnf+ Soot +/e<§rang includes two important contributions,
one resulting from the variation of the spin sta8,»= RIn[(2S+1)5/(2S+1)s] = RIn(5) =
13.4 J K mol?, where (2S+1)s et (2S+1)s are respectively the spin multiplicity of the HS
and LS states. Sorai and Sé&™ 'Y measured heat capacities of Fe(ll) spin crossover
complexes. They found a phase transition for [FE&gM@hen}] at 176.29 K with an entropy
change 0f4S=(48.8+0.7) J K'mol™. This entropy value is extremely large in comparis
with the entropy gain4S = RIn5 = 13.38 J Kmol™, expected for a conversion from the low-
spin (LS) statéA;4 to the high-spin (HS) stalEy, The remainder must be attributed to
vibrational contributions from a change of the aiitwnal density of states. This latter arises
mainly from the change in the stretching and de&drom modes of the coordination core.
This vibrational part constitutes in general thrgésst contribution for the total entropy change
(49). 5@ 74 Note that the orbital entropy chang@Smia = R In [(2L+11s/(2L+1)s } will

be omitted here, assuming that the symmetry ofsfiie crossover molecules are in general
not perfectlyO,. On the LS —» HS transition,the electronic degeneracy and hence the
electronic entropy is higher in th¢S phase than in theS phase. Moreover, in the HS phase,
the metal-ligand bond lengths are, on average,elgrgp that the vibrational entropy is also

higher in this phase. Subsequently the resulti8gs also positive.

1000 T T T 1 T T T
8oll

800

200

o) 1 1 1 1 1 1 1
, 0 ., 100 200 300

Fig.l.5: Molar heat capacity of [Fe(NC&phen)]. Broken curves indicate the normal heat
capacities 574
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We conclude that the temperature-induced spin ov@sss an entropy-driven phenomenon
and coupling between the electronic states anghbeaon system plays a fundamental role in

the spin crossover transiti&i?".

Although the origin of the spin crossover is punelglecular, the macroscopic property of the
solid is the result of cooperative interactionsamsn the molecules that make up the material.
A macroscopic approach for the simulation of therrial spin crossover curve is tBkchter
and Drickamer modef*"" 72 |n this model, the standard Gibbs free energpefsystem at

a given temperature is:

G = }usGus + V1sGis ~TAS, +T Vius(Vis) (1.2)

whereyys is the high spin fraction as defined before areldbsociated low spin fraction is
denotedys= 1 — s, Gus andG.s are respectively the molar Gibbs free energieth@fpure
HS and LS phases, denotes the intermolecular interaction parametet fnally Sy
represents the ideal mixing entropy, which fultie relationSnix = — R [ s In(Jas) + Us

In(K9)]. If we consideiG s = 0 as a reference energy, then the equation ¢aripe expressed

as.

AS
G= yHSAH + rst (l_ VHs) - RT|:yHS |n(VHs) + (1_ st) |n(l_ st) + VH; } (|-3)

Using the equilibrium condition for the systerdG{d)us)tp = 0, we can express the

temperature vs. the high spin fractiomd, thereby providing the simulation of the spin

crossover curve as a functionTof

AH+T (1-2y,)

Rln(l_y*‘S]+AS
Vus

T=

0.4

Depending upon the value of the interaction paramd, tree possible limits exist (Figure
1.6). The transition is abrupt when the interactparameter is equal to a critical vallig=
2RTy,, whereas fof < T the transition is gradual. Inversely forl c we obtain a first-order

phase transition with hysteresis loop.

10
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Tis 1.0F
0.5
ol
YIIH 1.0 d) ] 1.0 -e) ]
0.5F 1 05}
0 0t

T T
Fig.l.6: Schematic representation of the different typespoh crossover: a) gradual, b)
abrupt, c) with hysteresis, d) in two steps, edgia and incomplete.

[.1.2 Pressure induced spin state change

After the thermal effect on the SCO complexes,aswoon realized that pressure can also be
a trigger for the SCO phenomenon. Because the powstate (LS) has a smaller molecular
volume than the high spin (HS) state, it becomeddhored state as pressure incre856%

02 Giitich 041 Application of pressure increases the relativéical displacement of the potential
wells (Fig.l.7). The gap between the zero pointrgies of the low spin and high spin states
increases by the work terRAVy, wheredVy, = Vs - Vs isthe volume difference between
the HS and LS states The new gap can be expressed by the equati®n (P) = E% +
PAVyL. Indeed, at elevated pressure the spin transiibroccur at higher temperatures than
at ambient pressure. The displacement of the gpmsition curve to higher temperature

values can be expressed a$;,/0P =AV,, /AS, . For iron (Il) spin crossover complexes the

shift in the transition temperature was found, émeyal, to be about 15-20kbar "M 72 ¢

means that a relatively small external pressumefefvkbar is sufficient to strongly affect the

thermal spin transition curve.
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Fig.1.7: Schematic representation of the pressure influefR;>P1) on thelLS and HS
potential wells of Fe(IlBCO complex, [<senofontov 041

It should be noted also that the application ospuee could in fact induce a transition iIHS
system for which a thermal transition does not o Pressure effects on the molecules F
been found to be relatively complex. For examplesgure was often found to indu

u[BoiIIot 02, Guionneau 96, Ksenofontov

changes in the crystal struct 198N our group, a presst-

induced hysterestd" %3 a5 well as pressure pulse induced spin state smgglEeusseksou 93

has also been observed.

1.1.3 MagneticHield induced spin crossove

Application of a high magnetic field acts alscan external perturbatiamm the spin crossover
phenomenonApplication of a static magnetic field stabils the HS state, with a doward
shift of the transition temperature,, due to Zeeman effedn a first order approximatiol?
8l T., changes because of the decrease in energy of thecutes in th HS state (the
contribution of the diamagnetic LS state can belewtgd in F"' complexes)Hence, the

12
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2
magnetic energy shifEs —Es = —%is added to the free energy and the displaceme

the transition temperaturely, can be calculated as:

_ XB’?
AT1/2 I — I 5
20,AS(T, ) (1.5)
whereASrprepresentshe entropy difference betwethe HS and LS$tates at the transitic
temperatureTuy). Qi et al (%' 8 were the first to investigate the shift of the sition curve

for the [Fe(phen{NCS)] spin crosover complexASri, = ca.50 JK'mol™) in a field of5.5
Teslaand they observed a diminutionAT,,=0.1 K

- P~
= = 4
‘-P.
=
[=]
|_]

e / MLB.

= Ry s = A
| S— r

e s 78 m e

Température /K

Fig.l.8: Application ofa static magnetic field (5.5 Tesla) on thiEe(pheny(NCS}] SCO
compound!® &3

This is a very small value and somewhat difficoltverify experimentally, due essentially
the limited intensity of the available magnetiddiewhich was relatively weal5-6 Tesla) at
that time. Later, J. Lejay et &-® % could apply astatic magnetic fielc of 22 Teslaon

Co(Ill) compounds, and observed a shift of the gpamsition temperature of abo0.6 K

More recently, Bousseksou et [BUssesoU 0have studid experimentally and theoretically t
effects of an intenspulsed magnetic fielc of 32 Tesla on the [Fe(phe(CS;] compound.
This magnetic field corresponds to an expected ézatpre shift of 2.0 K. Applying th
pulsed magnetic field ithe thermal hysteresis loop on the ascending bramiited indee:
an irreversible, though incomplete —HS conversion (Fig.19§50Uss¢k®u 2l The effects on
the descending branch were found reversible. Thbservations ‘ere confirmed on sever:

othercomplexes and even a qu-complete switch could be obtained for a Co(ll) cter

13
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(figure 1.9), [BousseksoubzBousseksouds)y 5 qition, the same authors have reported tfeetedf a
pressure pulse on the HS fraction within the hesier loop of the compound

[Fe(phen)(NCS)] and this had the expected opposite effect (“mieféect”) when compared

to a magnetic ﬁelo{?ousseksou 03, Bonhommeau06]

1,0
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Fig.l.9: Set of isothermsyg(B) showing the irreversible (and quasi-total) g&ring effect on
the HS fraction in Co(k{fsa)en)(py} for an applied pulsed magnetic field in the methkta
LS State[Bousseksou 02]

[.1.4 Light induced spin state change

In 1982, the discovery of a light-induced spin sms&er in a series of iron(ll) spin-crossover
compounds by McGarvey and Lawthef4%2V® 82l had great impact on spin-crossover
research. McGarvegt al. described in their paper the use of a pulsed les@erturb the
equilibrium between the singletX) and quintet {T) states in several Fe(ll) complexes in
solution. Two years later, Decurtins et &S 8 discovered a surprising effect by
irradiating a solid Fe(ll) SCO sample with greédn’ laser (514.5nm) in the singlet
absorption band at liquid helium temperatures. gitoeind low spin state was excited and the
metastable high spin state was gradually populatetl a complete conversion. The
metastable high spin state had a very long lifetangufficiently low temperature: more than
10 s for [Fe(ptzd](BF4),] at 20 K Therefore this solid-state effect was namédgtit
Induced Excited Spin State Trapping (LIESST)". Very soon, Decurtins et afPecurtins &l
were able to establish the mechanism forlitliEeSSTeffect in this system. Later on, Hauser

reported the reverse-LIESST effd€fus®" 8! wherein red light was used to pump the

14
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metastable high spin molecules and to convert ¢tinepound back to the thermodynamically
stableLS state.

1T1
Ea A

LS

>
r

Fig.l.10: Jablonski diagram illustrates the LIESST and regdrfESST effects: straight
arrows are the light induced vertical transitiortee undulate arrows represent the relaxation
processeg!auseri]

The exact mechanism of the LIESST phenomenon aadntyolved intersystem crossing
processes is still debated. According to Hausenlethe LIESST effect occurs in two
successive transitiond’2s®" °1l The first relaxation step leads to tfi€, state (or less
frequently to théT,, which is not shown in the figure 1.10). In thesed step, the system can
relax into the’T, state (a crossing of levels can be observed thrauspin-orbital coupling),
where it remains trapped (at sufficiently low temgteres) because of the large energy barrier
between’T, and'A; states. This energy barrier is due to the lardferénce in the metal-
ligand bond lengths. The fact that the energy le¥¢he>T; state is just below th& state for
spin crossover complexes suggests, that the LIES@¢€t should be a reversible transition. It
is indeed possible to pump back the system to Bietate by irradiating the metastable HS
state at 820 nm at low temperature (20 K). Thiadiation induces the transitici, — °E,
then the®E excited state relaxes to tha; (LS) state via théT; state.ause" %1 However,
trapping the system in metastabl8 state is only efficient at cryogenic temperatdiies is a
serious limitation for the development of opticavites based on spin crossover materials.
This problem has recently been overcome using guksser excitation (8 ns pulses) within
the thermal hysteresis loop in the [FgfiGN2){Pt(CN).}] spin crossover compleleenhommeat

%! (figure 1.11). Our group evidenced in their fiiservation a partial and irreversible LS to
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HS conversion. Later we showed a complete bidweeli (complete HS to LS as well as LS
to HS) photoconversion following a short one-shot laser irradiation of
{Fe" (pyrazine)[Pt(CN)]} single crystals at room temperatdf&®® %!, This last observation is

promising and opens up an interesting possibitityniew generation of data storage devices.

Fig.l.11: Light-pulse-induced switching between two spiatest at room temperature.
[Bonhomeau 05, Cobo 08]

1.1.5 Guest adsorption/desorption-introduced spintate change

Very recently, Real et al. has demonstrated thenohesponsive behavior of the Hofmann
clathrate porous coordination polyméiBe(pz)[M'(CN)J]} (pz = pyrazine; M = Ni, Pd, Pt)
based on the spin-crossover properties of thelljpapd the cooperative response generated
by the components of the framework, conferringh® $olid a bistable behavior at ordinary
temperatures. A reversible change of spin statieearon(ll) sites was observed cooperatively
with the uptake of guest molecules. The high-spites (HS, yellow) is stabilized by
hydroxilic solvents, five- and six-membered aromatiolecules, while the low spin state (LS,
red-brown) can be stabilized by £&t 298 K (see figure. 1.129"™2 %! Furthermore, the
occurrence of coordinatively unsaturated metal ersnii(Il) enhance adsorptive selectivity
for specific guest substances (halogene moleculesthe same year and on the same
compound, Keperet al reported also the guest-dependent SCO propeatidsspin-state-
dependent host/guest properties. The adsorptian wide range of small molecular guests,
both gases (i O,, CO,) and vapors (methanol, ethanol, acetone, acetenénd toluene) in

the {Fe(pz)[Ni(CN)]} Hofmann-type system occurs with sufficient energ significantly
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perturb the energetics of SCO, thereby yieldingrétigac changes to the SCO properties
[Southon 09]

Based on these pioneer investigations, the guestrgiion/desorption can join the well
established quartet of temperature, pressure, rniagield, and light irradiation as SCO
stimuli. Such a property, which is highly specifar feach of the guests studied, points to

possible molecular sensing applications for systeftisis type.
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Fig.l.12: Magnetic behavior of {Fe(pz)[Pt(C)) powder and its clathrates a) Temperature
dependences gfuT for guest-freel (blue), benzene (Bz) clathrate-ljz: yellow), and C%
clathrate -CS : purple); b) Time dependence of the fractiontd HS state (G) under a
benzene (yellow) and g%purple) atmosphere at 293 K; and ¢) Schematiovsbal and
thermal memory process. The color circles are paitos of powder sampldS1Pa 2001

1.1.6 Detection of spin crossover

Whatever is the external stimuli (heat, magnettdfi pressure, light, or chemical stimuli),
Fe(ll) SCO complexes undergo drastic variationthef metal-ligand bond lengths 0.2 A,
i.e., ~10%) and ligand-metal-ligand bond angles (0.5°-8%" %1 accompanied by
magnetic and optical property changes arising faochange in relative occupancies of the t
and g orbitals. Consequently, magnetic and optical mesasantg "9 84 Bousseksou 034 the

major experimental techniques used for quantitainxestigations of the spin transitions.
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Detection of spin crossover can be implemented singple way, by measuring the mole

fraction of the HS state (or LS statg)s , as a function of different parameters (T, B).P..

This mole fraction can be measured by several ndstho
- Measurement of magnetic susceptibilityas a function of temperatune(T), has
always been the principal technique for characiéion of SCO compound&?"e 9%
Gltich 941 Eor measurements on solid samples, a supercondugtiantum interference
device magnetometer (SQUID) and the traditionahihed methods (Faraday) can be
used. The produgfT for a SCO material is determined by the tempeeatiependent
contributionsyys and y s according toy (T) = s Yus+ (1-Jas) Ys. With the known
susceptibilities of the pure HS and LS states,nlode fraction of the HS state s at
any temperature is easily derived and is plottegramuce the spin transition curve.

Expression of the spin transition curve in termshef effective magnetic momept

=8y T)Y? as a function of temperature has been widely ubetl,is now less
common.

>’Fe Mossbauer Spectroscopis a standard method for the characterization of
SCO compounds of iron, based on the recoillesseaualesonance absorption vof
radiation. The isomer shiié and the quadrupole splittingEqg, two of the most
important parameters derived from a Mossbauer spactCee™d " differ
significantly for the HS and LS states of both Bedhd Fe(lll). The two spin states
are discernible by their characteristic subspedihee area fractions of the resonance
lines can be determined with the help of specidbyeloped data fitting computer
programs. These area fractidipg andt s are proportional to the producissfus and

fLshs, respectively, wherey§ and fs are the so-called Lamb-Mdssbauer factors of the
HS and LS states. Only fopd= f.s, the area fractions are a direct measure of the
respective mole fractions of the complex molecuteshe different spin states, i.e.

ths/(thsttis) = yus. In most cases, however, the approximationo&ff s is made.

- Heat capacity measurements
Calorimetric measurements on SCO compounds (tréatdetail by Sorai et al>*™
")) provide important thermodynamic quantities susteathalpy and entropy changes

accompanying a spin transition (ST).
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- Measurement of vibrational spectra

In an infrared or Raman spectra measured as adanzft temperaturd! akemeto 72.Takemoto
73, Bousseksou 00, Tuchagues Qfje yjiprational modes belonging to the HS andLiBespecies
can be readily recognized as those decreasingranelaising in intensitygspectively,
as the temperature is lowered. The majority oflthefrequency modes suffer dramatic
changes upon spin transition. The general treral levge decrease of the frequencies
when going from the LS to the HS state reflectimg weaker metal-ligand bonds in the
HS state. In several instances a spin transitionesyys(T), has been derived from the
normalized area fractions of characteristic HS $rtlands.

- X-ray structural studies

As discussed earlier in this chapter, thermal S&€®&oalid transition metal compounds

is always accompanied by significant changes inntle¢al-donor atom bond lengths

(10%), which may cause typically a 1-15% changelémentary cell volume&°"?

U Thus single crystal structure determination atiae temperatures above and

below the transition temperature is very informatof the nature of SCO phenomena

in solids. The temperature dependence of X-ray powdiffraction data can be a

suitable diagnostic of the nature of the SCO anchahges in the lattice parameters.

- UV-vis absorption measurements

The thermal SCO is always accompanied by a colangé (thermochromism). This

offers a very convenient and quick means of detgdtie occurrence of a transition by

simple observation of the color at different tengperesCescurtins 84, Bousseksou 03, 4

also a quantitative tool to determine the HS fracttas a function of an external

perturbation. The knowledge of positions and intess of electronic transitions is

also desirable and UV-vis absorption spectroscgplydquently employed to obtain

the electronic spectrum of SCO compounds at difteiemperatures.

- Other techniques:

It was recently shown that the spin state changdsis accompanied by an important
variation in the dielectric constant in a wide fneqcy range (kHz-THz-vis) and even
hysteresis loops ot have been observed around room temperatdigectric
spectroscopy)Beusseksou 031 proton  NMR  measurements, Positron annihilation
spectroscopy (PAS), RPE, X-ray spectroscopies (XBNEKES) ... have been also

applied to the detection and characterizationaiditions.
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[.1.6 Spin crossover thin films and nanopatrticle

The interest in molecular materials possessing pragentelevant for practical applicats
has considerably increased. Tinterest mainly comes from the needtloé developme of
new smart nanomateriand new products for potential applicas, suct as memories,
switching devicesand sensor The characteristic that defines a molecular swikhhe
bistability domain with an “ON” and an “OFF” positi. The tvo states can be isomers,
acide and its conjugate base, the oxidized andceztlforms ola redox acive molecule, «
even the complexed and uncomplexed form of a recdFaPPrizzi 1999, Diederich 20C | gch g
context, the moleculdristability assciated with the SCO phenomenon is very rele' The
main advantage of usin§CC materials is that: 1) transition can occur evematomete
scales, 2) they involve a change of elecic states, resulting in very fast and sharp traorsst
between the ntastable states, and 3) these molecular materralgde a wide range ¢

flexibility in the design of material with tunabbgptical, electic and magnetic propertie
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Fig.l.13: Schematic representation of the memory effectim@pssover syster.

These appealing properties cannot be exploitedulk materials, but only if thin filrs or
nanoparicles of the compounds are prepared andsited or patterned (spin coating, ne-
patterning or nangeale organiation) on surfaces. The high versatilitydapossibility to tunt
properties of witchable coordination compou thin films and nanoparticales confers
promising market potential on those products in the highly competitive field$
microelectronicsand photonic. Besides that, studies on nano-objestsmolecule-based
materials can be helpful tgeneree new fundamental knowledge size-reduction effects
and the dynamics of the spin crossover phenoméeFfmse studiedridge gaps between o

understanding of single molecules and bulk macmusimaterials.
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The first demonstration of SCO materials in a digplievice were reported by Kahn et al.
[Kahn 98]

Fig.l.14: Laboratory scale display. SCO screen-printed talgefore writing (left) and after
thermal writing (right). Schematic illustration ttie display device involving the SCO layer,
the aluminum plate containing the message and ¢la¢ dlissipater resistance (bottom). When
the temperature exceeds the critical “up temperatuhe material transits from purple to
white and the information is displaye™ °!

The substrate consists of an aluminum plate onlwtgsistive dots and connecting electrodes
were previously screen printed. The dots are adddethrough columns and rows. The dots,
when electrically addressed, act as heat dissgpafénen the temperature is above T, the

material passes from violet to white. The inforroatis stored as long as the system remains
at a temperature within the hysteresis loop. Teeethe information the temperature has to be

lowered below Tj,| using a Peltier element.

The pioneering approaches to obtain SCO thin filensployed the Langmuir-Blodgett
technique 5% % or a simple mixing of the complexes with polymersother materials,
which can be spin coated on surfacd¥&'4 %71 Matsuda and Tajima obtained 30 nm of
[Fe(dpp}](BF4)2, SCO thin film, which transits around 360 K.

In 1999 Létard et al®®? %! reported a LIESST effect on a [Fe(Bi-DFQMCS))] thin film
obtained by the Langmuir-Blodgett technique. Rdgemtlayer-by-layer assembly technique
was also proposed to deposit alternating layer§®0 cations and polyaniongs"a' 02
Unfortunately the resulting films were not purelgngposed of the spin-crossover complex,
but consisted of a mixture of the complex and gmpek or a surfactant, which alter strongly
the spin crossover as well as dielectric and opgicaperties of the films. Later on, Gutlieh

al. proposed another approach to the synthesis offilnms in the form of liquid-crystals

(figure 1.15)LSeredyuioe]
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+ 60 °C

)

Fig.l.15: Thermochromic effect in liquid-crystal SCO filktf&edyuoe!

Recently, interesting progress has been made irare of spin crossover complexes with
infinite one-, two- or three-dimensional (1D, 20D)3networks, the so-called coordination
polymers!®®° %! The main objective of this approach was the ecliment and fine-tuning
of cooperative properties by the strong covalenkdi between the metallic cores in the
polymers. Indeed, a number of highly cooperativeymper systems have been reported in
recent literature displaying hysteretic behaviodihemal and piezo) even at room
temperature, in some cases. In addition to thiswas recently demonstrated that 3D
coordination polymers represent also an attragtlagform for growth of surface thin films
with spin crossover properties. In fact, the 3Dwwek structure allows assembling, via
stepwise adsorption reactions, multilayer films dehsentirely on intra- and interlayer
coordination bonds. Thin films of the 3D SCO compadsi Fe(pyrazine)[M(CN)(M = Ni, Pd

or Pt) were grown by Cobet al.[“®*%®!via a sequential assembly method using coordinatio

reactions as shown in figure 1.16.
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Fig.l.16: Schematic procedure of the sequential assemidfe@yrazine)[M(CNjJ(M = Ni,
Pd or Pt) thin films displaying room temperaturemnsprossover and host-guest properties.
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A Raman microscopy investigation revealed thatettas films displayed room temperature
SCO with a wide hysteresis loop. In this thesisafthr 111), we will investigate the properties
of this type of thin films (thickness, refractivediex ...) using AFM microscopy and surface

plasmon resonance.

The first results concerning the synthesis of SGoparticles were reported by Létad
al.l-@d 04 These authors reported the observation of a themmgsteresis loop in the
nanoparticles of the compound [Fe(Mitd)s]Br, of ca. 70 nm size obtained by the reverse
micelle technique (also called water-in-oil micragdsmons). The reverse micelles consist of a
dispersion of polar liquid droplets stabilized bgwafactant which contains both hydrophobic
tail-groups and hydrophilic head-groups in an diage. The above mentioned nanoparticles
maintained the sharp spin transition measurechimbtilk powder.

In 2007 Coronadet allc°"% %lysing a similar approach have succeeded in syathgsi
nanoparticles of the [Fe(Htefdrz)](BFs;) complex with a medium statistical size ad. 15
nm, which exhibited a 43 K wide hysteresis loBgcently our group and two other groups
have reported the elaboration of Hofmann clathlitée3D network [Fe(pz){M(CNj}] (pz =
pyrazine, M = Pt or Ni) nanoparticles using difi#reapproaches. The water in oll
microemulsion technique has been used by bothRted 5999 %81 and MallahtVelaton 08l
group to prepare various sized nanocrystals offegz){Pt(CN)}] compound. The control
of the size was achieved by modifying the concéioimeof the precursors. The study of the
magnetic properties revealed that the particle® l@alehavior different from that of the bulk.
The observed modification of the transition tempee the hysteresis loop width, the
abruptness of the transition and the residual irast were related to the particle size
reduction (figure 1.17).

Fig.l.17: Magnetic propertiesn the form ofymT
vs T plots for the bulk and nanocrystals of tr
[Fe(pz){Pt(CN)}] compound [Rea8!

g Ticm Kk miod
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The particle size effect on the spin crossover @itbgs of [Fe(NHtrz)](Br), was reported by
the group of Létard ™ %! For particle sizes of 50 and 30 nm a relativelydged thermal
spin crossover occurs without existence of therimgteresis although the equilibrium
temperature of the transition is almost not affédy the decrease of the size. The same
group used a Differential Interference Microscop¢() set-up operating in transmission to
conclude that the gradual spin transition recofdedhe bulk could be due to the compilation
of individual abrupt transitions on the warming fch or to the compilation of already
individual smooth transitions on the cooling branch

Our group have succeeded in the synthesis of-siitral nanoparticles of the spin crossover
coordination polymer Fe(pz)[Ni(Chj)!-2"""2 %] ghtained by using the biopolymer chitosan
as matrix. The porous chitosan beads containing@ruinctionalities allow the growth of 4
nm nanoparticles with a narrow size distributiorddgbauespectroscopy revealed that only
ca. 1/3 of the iron (Il) ions of the nanoparticles engb a cooperative thermal spin transition

with a hysteresis loop (figure 1.18).
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Fig.1.18: TEM image and magnetic study of 4nm Fe(pz)[Ni¢gChanoparticles

In order to develop applications in thermometry #mekmal imaging, our grougesigned a
two-component system comprised of ultra-small SCé&noparticles (10 nm) and an
appropriate fluorescent agent (rhodamine-110) dispy negligible thermal quenching and a
good overlap between the fluorescence band of Rhodaand the absorption of the
nanoparticles (in the LS state). It is shown that luminescence can probe the spin state of

the systenfamen 101
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Fig.l.19: (Left) Temperature dependence of the optical absorbanca spin crossove
nanoparticle (10 nm) suspensio(Middle) Temperature dependence of the fluoresci
intensity of the system doped by rhodam(Right) Fluoresce microscoj images of Ni
nanowires covexd by the nanoparticl. Thermal imaging of nanowires resistance heidy
Joule effect>amen 101

The development of methods giving access to namndstes that preserve the integrity of
material is technologically of utmost importance fioe application of SCO compouni For
example, as it was shown by Molret al. ™" %7 ‘mjcro- and nanometric patterns the
Fe(pyrazine)[M(CNy] SCOcompound can be elaborated u: an electro-beam lithographic
approach and lift-off Very recentlyThibault et al!™"2" 20 haye shown that mic-transfer
molding (ATM) and microeontact uCP) printing techniques can be used to fabri
homogenous micraand nan-patterns of spin crossover nanoparticles over larga figure
1.20). It was shownthat the nanoparticles keep their spin crossovepesties (with ¢
transition around room T) after the soft lithograstep.Thereforethese lov-cost patterning
techniques provide interesting perspectives foritiegration of spin crossover materien

micro-and nanoscaled devic

/"

Fig.1.20: AFM topographic images of line gratings with spirogsover nanoparticle
fabricatedby pTM. [Thibault 10]

25



Chapter I: Introduction to the molecular bistabilit y

[.2 Valence Tautomeric Transition Metal Complexes

Tautomerism by definition concerns all moleculesallcan readily interconvert into isomers
by transfer of a chemical group. Valence tauton(¥iiss) are a family of molecules capable

of reversible interconversion between redox isomers

In general, valencéautomerism (VT) has been associated with compouhats have the
following properties:

o0 A compound must contain intermolecularly—linked dioand acceptor centers
that have valence electronic levels, and associaedx properties, of similar
energy.

o Electronic coupling between the donor and acceptoist be of sufficient
strength to facilitate electron transfer, but nat strong that the discrete
electronic structures are lost through molecul&ital mixing.

0 The electron transfer process must have accompgrsgmctural changes that

contribute to changes in enthalpy and entropydhabf the same sign.

In general the tools used for the investigationS&O complexes are applicable for VT

complexes as well.

[.2.1 Different classes of Valence Tautomeric comgxes

Most compounds that have been found to exhibit gnogs associated with VT consist either
of aredox active metal ion coordinated by redox activerganic ligands Hendricksen 041

two redox active metal ionswhich have the potential to exhibit a charge gfarfMahenere 08
Bleuzen 09.]

As the coordination chemistry of o-quinone ligamds developed over the past 30 years it
has been found that the energy of the redox-acjiuaone p-orbital is quite close to the
energies of transition metal d-orbitaf§"?"es°" %I Quinone ligands coordinated as either
partially reduced semiquinonates (SQ) or fully meshh catecholates (Cat) have been used

most commonly (Figure.l.21).
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M/"\ M/‘D M/°
AN N AN

M(BQ) M(SQ) M(Cat)

Fig.l.21: Schematic representation of the quinone ligandfiplly reduced semiquinonates
(SQ) and fully reduced catecholates (CHfj.eson 04

Initial observations on VT were described for anptex of cobalt where the metal ion can be
switched between HS-Co(ll) and LS-Co(lll) with dlen transfer to an SQ ligand (figure
|.22) [Hendrickson 04, Shultz 011 petails of the characterization on the complestshe Co(N-
N)(SQ)(Cat) series have been described in sevevaws!e"ckson 04 The gpin state change
for the metal ion that accompanies the shift inrgbalistribution results in a large change in
magnetism for the complex, providing a convenigobp that may be used to follow changes
in the concentration of redox isomers. The larganges in optical, structural and magnetic
properties that accompany the valence tautometiécdonversion have potential applications

in bistable molecular materials.

Fig.l.22: Possible intramolecular electror ot e

. @ S O‘N\ O—Col!
transfer processes for a valence tautomeric cob O N NJET ‘:N; .
COI,nplex'[Hendnckson 04] N\ ) s

Prussian blue analoguecomplexes are mixed-valence compounds, which Hay@adtential
to exhibit a charge-transfer phase transition betwévo redox active metal ions and
represented by two parabolic potential-energy aude to valence isomers in the nuclear

coordinate of the coupled vibrational motj@na 82. Brown 80]

The NaCo/Fe(CN).zH,O Prussian blue analogue is one of the best exangpleompounds

that can show the bistability between two phaseeuaxternal stimuli, e.g. one is the phase
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consisting mainly of the Pety’e’, LS, S=1/2)-CN-Cl(txg°e,%, HS, S = 3/2) form (high
temperature phase) and the other consisting maifilphe Fé(t,o'g,’, LS, S = 0)-CN-

Cd"(tzge, LS, S = 0) form (low temperature phaggymamer 02

Fe'l -CN- Co"

4

y S
I \

T “ lT U l lT ” f1g o
s $=3/2 3
LT ” HT
Fe' -CN- Co" . R
" ‘ LI R W
amperature
P e e
| S=0 S=0 |

Fig.1.23: The left part of the figure depicts the charge sfan responsible of the change of
magnetization (right Part_ of the figure) during teoling (i) and warming (ii) process in
NaxCOyFe(CN)g.szO. Hashimoto 02]

Another example for a CoFe system, which is alsowshto possess electron transfer
capability is the molecular complex {[pzTp)HCN)s]4[Co" (pz)s-CCHOH]L[CIO4] 4} 4H,0.

In this later octanuclear complex it was found that diamagnetic {FaCo'" ,} cages convert

to paramagnetic {F&,Ca"'4} ones reversibly under the influence of tempemtand light"
08]

[.2.2 Structure and properties of Prussian Blue Ankbbgues

Around 1700 Prussian Blue (PB) was accidentallgalisred by Diesbach, a painter from
Berlin who actually tried to create a red coloredinp ™ 8! PB with the formula
Fe' ,[Fe"(CN)e]s- 14H0 consists of [Fe(CN) units linked to F& via bridging cyandigands.
Both iron ions are octahedrally surrounded (figu2g).

The intense blue color of PB is associated withtthesfer of electrons from Fe(ll) to Fe(lll).
In other wordsthis mixed valence compound absorbs certain wag#ienof visible light
resulting from intervalence charge transfer. Irsthase, light around 680 nanometers in
wavelength is absorbed (E= 14100%tra = 9800 L mof cni?) RPN 62l and the transmitted

light appears blue as a result.
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The stoichiometry of prussian blue analogues (PBAs)represented by the formula
AxM[M’(CN) ¢]y.zH,O with A = {alkali} cation. In the case that M is avdlent metallic (d-
block) ion and M’ a trivalent metallic ion, two e&me stoichiometries exist:
AM[M’(CN) g]- H2O (stoichiometric) and MM’(CN) ¢]2- zHO (i.e. no alkalication). Usually,

the actual stoichiometry lies between these tweeexes.

_—;,c' | 5 ,{-,:_5“ | q,.;._:;.c | . Felllgs
T W L)

@ FliLs

4
(2]

I
=
.
] i
n.\
Z
I:

-1z I=Z
1
=
X
—:-@—=

@ -

Fig.l.24: Part of the structure of Prussian Blue (alkali ioasd water molecules in the
interstitial sites are omitted for clarity).

Generally, the structure of PBAs shows a cubicckatsimilar to the lattice of PB itself where

either the C bound Fe ion or the N bound Fe iobaih have been replaced by a different
metal ions™"® °!. The space group is Bm or F3m, but the difference lies in the precise
distribution of the interstitial ions: in F3m the ions are equally and randomly distributed
over the interstitials sites, whereas ih3m two different interstitial sites exist (see Figu

1.25). In the latter case, the cation has a pref@rdor one of these sites.

| i

e —
I

Fig.l.25: The two different interstitial sites present (gigyheres) in a unit cell with space
group F43m. Solid lines indicate the (200), (020) and (OpRnes and do not represent a
chemical bond\erteiman 09l
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Occasionally, a tetragonal space group is foundPiBAs, in which one of the axes of the
cubic space group is elongated with respect toother two axes®™os" %! This occurs
mostly when a larger cation such as NEEHM"™® ®©lis incorporated or when a Jahn-Teller
active metal ion such as M ™ %ljs present. In special cases, when the C-M'-&-04-

N angles are not right angles, a hexagonal spaxeds found*"a" %71

Basically in PBAs two different transition metahs can be present. Alternatively, each of
these metals can have unpaired electrons and ftkasrige to a magnetic moment when
placed in a magnetic field. In this way, it is pbssto tune the magnetic properties of PBAs
by selectively choosing the specific metal ionsoired without altering the structure too
much.

The group of Verdaguer et &¢99"" 9 lhag explained how magnetic interactions in PBAs
take place in a M[M’'(CN) ¢]y-zHO system. It is also possible to have changes én th
magnetization when applying pressuf&°"@@ %! |n 1996 Satcet al. noticed that when
irradiating Ky 2Co; JFe(CN)]es.oH20 with red light (660 nm) the magnetization beldws t

Curie temperature was increased and the Curie tetype increased as well (Figure 1.26).
Conversely, when irradiating with blue light (45@nthe reverse process took pl&t& !

The process could be repeated several times.

450 nm
1200 Photoinduced n

. magnetization e
U 1000 . ;
| - Q=00
S 800 ==
nz 600 S=0 sS=0 S=13/2 S=1/2
Q e-
2 J
=

200 660 nm

0
5 10 15 20 25
T (K

Fig.l.26: Difference in field cooled magnetization of X0, 4Fe(CN)]6.9.H,O before and
after irradiation with 660 nm light?®° **! The right part of the figure depicts the charge
transfer responsible for the change of magnetizatio

It was found that the process involved a reversshigrge transfer combined with low spin to
high spin conversion from low spin end high spin Cb(the high temperature, HT phase)

to low spin F& and low spin CY (the low temperature, LT phase).
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Soon it was discovered that also the CoFe PBAs Wah, Rb+ and Cs+ as inserted alkali
cation showed this phenomendrfae! 9% Escax 01, Yokoyama 9814\ yever, when no alkali cation
was present no electron transfer takes pla@® ° nor when too much alkali cation was
present in the networfe'®ze" %!

Later it was found that a similar charge transfercpss takes place under the influence of
temperature!®®“°" ®I\when heating the magnetic susceptibility increasmsiptly around a
temperature ranging from 225 to 300 K. Convers&lyen cooling down, the reverse process
takes place, giving the entire process a broadehgsts width. The precise transition
temperatures depend strongly on the specific gmoktry of the compound. In 2002
Shimamoto et al. S"mamo02l foyngd  out that within the hysteresis loop the
ACo[Fe(CN}]y-zH,O system could be transformed from the LT to thegh@ise with a one-
shot laser pulse (6 ns) of 532 nm. Few years #fitediscovery of the charge transfer in Co —
Fe PBA Ohkoshet al. found another material displaying a temperatuticed change in
magnetisationRbMn[Fe(CN)g]. [°"s" 021 On heating, the magnetic susceptibility changes
abruptly from 3.16 cAK mol™ at 285 K to 4.65 ciK mol™ at 320 K. On cooling, the reverse
process takes place between 245 K and 200 K. Ttwe gmocess had an unusual hysteresis

width of 73 K (Figure 1.27).
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Fig.l.27: The variation of the magnetic susceptibility wittmperature for the complex
RbMn[Fe(CNy].[o"kosh 02]

At first it was believed that the process was due tspin crossover of the Mn ion from

intermediate spin at low temperatures to high spinigh temperature’$"osh 02

31



Chapter I: Introduction to the molecular bistabilit y

Later, however, Fe-C and Mn-N distances found éfining X-ray powder diffraction
profiles and X-ray absorption fine structure expennts indicated that the behavior was due
to a charge transfer between Mn and Fe jBffgome 02.Yokoyama 02l |6,y temperatures the

system consists of low spin Feand high spin Mn"

(LT phase) whereas at high
temperatures low spin feand high spin Mh are present (HT phase). Furthermore, the
transition is accompanied by a structural phaseghdrom cubic in the HT phase4®m) to
tetragonal @m2) in the LT phase, due to a Jahn-Teller distorté the MA' ion. The LT
phase orders ferromagnetically below 120 Rikeshi 05 Tokoro 03] 4 \\ 55 ohserved algbat the
broadness of the hysteresis and the specific teahpes at which the temperature induced
phase transitions take place is dependent on theifispstoichiometry©°* %! |n this case
though, the most complete charge transfer takespidnen the ratio is close to Rb:Mn:Fe =
1:1:1. As already mentioned, the valence-tautom#drermal phase transition is entropy
driven. Coboet al.!®® " claimed that the phase transition is accompanjedrbimportant
change in the entropy of mainly vibrational origuhich is reflected in the clear changes
observed in low frequency Raman spectra. The elactrcontribution to the change in

entropy is about 7.3 JHnol* (AS. = RIn (12/5)f¢°° 97

Phase HT

d{xz-y=} d==

+ t
/_?(xz -yZ) d==

14 1+ + + 4 t
dxy dx= dyz= dxy dx= dyz
Fel (S=1/2) Mn'! {(S=5/2)
Phase BT
d== AxZ-y=
Ax=-y= dlzz
v H -
dyz dxz dx
+H T Y 1
dxy dxz= dvy=
FE‘" (S=0) Mnlll (S=2}

Fig.l.28: Charge transfer process in R#n[Fe(CN)|.zHO.
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Soon after the observation of temperature indudeahges also a photo-induced phase
transition from the LT to the HT phase were realiZEhis transition was induced at 3 K using
a one-shot-laser-pulse of 532 i %% The discovery of the reverse transition from this
photo-induced HT phase back to the LT phase todie gome time: only very recently it was

found that irradiation with 410 nm light gives tleverse phase transiti6f<°!

Rapidly cooling the HT phase leads to ‘trapping’tteé HT phase at very low temperatures.
[Tokoro 551 The trapped phase is slightly different from tHeto-induced HT phase at low
temperatures in that it has a somewhat larger aglif but the space group is still F-43m.
When RbMn[Fe(CNy is irradiated with laser lighti(= 1064 nm) the evolving of 532 nm

light is observed, indicating second harmonic gatien by the materialo"sh %!

In RbysMn[Fe(CN)]oeaH,O Ohkoshi et dP™ "l found a hysteresis loop in the
polarization with electric field, which according the authors indicates that ferroelectricity
is present. Because RJIMn[Fe(CN)]o.9s0.4HO does not show this hysteresis loop, the
authors related the observed ferroelectricity & phevious compound to mixing of Fd=é",

Fe vacancies, Mnhand Jahn-Teller distorted Mn
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Chapter II: Electrical investigation of switchablenolecular compounds

Altering the properties of materials by an exterpafturbation is highly attractive for the
construction of switches and memory devices. Indeecth research has been directed
towards the development of electrically switchablgtical materials for applications in
memory and display devices as well as for smantarsrand windows to control the flow of
light and heat into and out of glazingja™Pe" %8 Waser 03lpasearch is now focusing on
investigating other novel switching mechanisms ttaat be induced by an electric field such
as metal-insulator transitio§2™ %! or exotic electric — field - induced phenomena —

nonlinear resistance effects.

Here we present the observation of an electridietiuced charge transfer phase transition in
cyanometallate complexes, involving changes inrthmagnetic, optical and electronic
properties as well. The idea comes from the faat tiyano — bridged metallocomplexes can
exhibit intervalence charge transfers, in whichetettron transfer occurs between two metal
ions, which can be induced by an external stim(lysP, B, ). This means that, using an
external electric field as stimulus within the tgrstsis loop could therefore be expected to
induce the interconversion between the two statgggering a nonlinear change in the

material’s properties.

In the first part of this chapter we report on diarge transport and dielectric properties of
the bistable valence tautomeric complexes in a cbrivaquency range (00— 1F Hz)
including RbMnFe and NaCoFe type Prussian blueogiials as well as a Co —W bimetallic
complex. Then we will discuss the first experiméwntaservation of an electric field induced
switching on these compounds and we propose a mischato explain the observed
phenomena. In the last part of the chapter, we negbrt on the hysteretic bistability in the
electrical properties of the bulk {Fe(HB(Bk} spin crossover complex. Synthesis,
characterization and dielectric properties of {FB(piz)s).}thin films will be also reported.
This work will be summarized by building a protogypf a read-only memory (ROM) device
based on {Fe(HB(pzg).} SCO thin films, thanks to the significant switothe conductivity

in the two spin states, which suggests that | — &sarements can be used to read the

information stored in the bistable system.
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II.1 Charge transport and dielectric properties ofvalence tautomeric complexes

A few investigations have already considered tketdtal conductivity of valence tautomeric
complexes in the solid state, namely Prussian &hekits analogud&enakone 83, Xidis 91 |

to other low-mobility, disordered solids the chatgensport is thought to take place in these
materials due to hopping conduction. In generahearest neighbor electron transfer is
considered as the predominant process, but iomdudivity may also occur to some extent,
especially in wet samples. In this latter caseaspqmtly, alkali metal ions are transported in
their hydrated forms and the water molecules prtesetie interstices lower significantly the
barriers to the movement of these ions. In any,dfi®echarge transport is accompanied by
dipole relaxation phenomena. In samples with lowtewacontent, the dipole motion
corresponds to the intervalence charge transfeveset the two transition metal sites A
CN - Mg** & Ma**- CN - Mg?). By determining the rate at which these dipolenants are
oscillating, one can determine thus the rate of thtervalence electron transfer.
Unfortunately, the comparison of data obtained dfer@nt samples is not straightforward
owing to their non-stoichiometric, disordered natwand the presence of water in the
interstices of the lattice, which are difficult ¢ontrol in the experiments. For this reasibm
possibility to investigate the same sample in theame conditions (T, P, etc.), but in two
different electronic states (co-existing within adrge thermal hysteresis region) offers a
unique opportunity to investigate the mechanism othe charge transport in this family

of compoundsand in particular the influence of the electroand crystallographic structure
on the site-to-site electron hopping process arsbcated dipole relaxation phenomena.
Besides these fundamental aspects it is also ofangst to see if the conductivity changes
accompanying the phase transition in this type of ampounds can be sufficiently
important to be eventually used in practical appliations, such as memory or switching

devices.
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[1.1.1 Experimental setup

Dielectric spectroscopymeasures the dielectric permittivity as a functarfrequency and
temperature. Thus it is an informative techniquedu® determine the molecular motions and
structural relaxations present in polymeric matsn@ssessing permanent dipole moments. In
general, to carry out dielectric measurements, rttaderial is submitted to a sinusoidal
voltage; this process causes alignment of dipolesthe materials, which results in
polarization. The polarization will cause the outpurrent (I(t) = ksin(xt + ¢) = Refl &
1) to lag behind the applied electric voltage (U&t)Un sin(t) = Re{U ' €“}) by a phase
shift angle,¢. The magnitude of the phase shift angle is detexthivia measuring the
resulting current. The complex capacitancéu), the admittance Yw) = iw C (w), and its
reciprocal value Zw) = 1/ Y (w), the impedance, are measured over a range ofetaiupe
and frequency, and are related to the dielectmmjigvity, ¢’, and the dielectric loss factor,

¢” by a useful quantity called the loss:

tando =C"1C =¢"l ¢ =2Z1Z2"=Y"IY

whered = /2 - ¢ is the loss angle. The permittivity, represents the amount of dipole
alignment (the energy stored) and the loss faetopnmeasures the energy required to align
dipoles or move ions. The basic principle of thesuwement is shown in Fig Il.1. Typically a
sinusoidal voltage Yt) with frequencyw/2r is applied to the sample by a generator, covering
the frequency range from ¥@o 1¢ Hz. The resistor R converts the sample curreft)sinto

a voltage Y(t). The complex sample impedance, & calculated from the measured data by:
Z*s= U*s(w) / I*§(w) = R (U*1 () / U*p () — 1)

The complex conductivity () was determined from the complex impedancg(@y and the

sample geometry:

o (W) = 1/Z*(w) e/S

where e is the sample thickness and the S the sasudhce.

42



Chapter II: Electrical investigation of switchable molecular compounds

In collaboration with Philippe Demont at th«CIRIMAT” in Toulouse, the dc and
conductivity measurements have been carried oattimc-probe geometry either on powc
samples (diameter 10 mm, ckness ca. 0.1 mm) contained in a Teflon samplelen
between two stainless steel electrodes or on peltBameter 3.3 mm, thickness 0.4 r
compacted at a pressure of 70 bars for 5 min. Thene no significant differences
conductivities or magnetisusceptibilities between the powder samples atiétp, thougt
the latter gave, in general, somewhat better redoltterms of standard deviation of f
measured conductivity values. In the case of singistals (ca. 1 mm size) electrical conte
were fixed using a silver paste. Direct current d&srection of applied dc voltage (0.(- 20 V)
and temperature (16860 K) were measured using a Keithley 617 electtemand a hon-
built, electrically shielded, He exchange gas datod he temperatureas varied at a rate
1 Kmin. AC conductivity measurements were carried ow &snction of frequency (72 —
10° Hz) and tempeture (10 - 350 K) by means of a broadband dielectric spectten
(Novocontrol BDS 4000 coupled to a Quatro Cryosygtat an applied ac voltaganging
from 50 mV to 3 V rms Frequency sweeps were carried out isothern Variable-
temperature dc magnetic sustibility measurements were carried out on powdetlep and
single crystal samples at heating and cooling rafes Kmir® using a Quantum Desic
MPMS2 SQUID magnetometer operated at 2 T magnielt. fThe magnetic properties of t
samples have beeneatked several times during the experiments andgmifisant evolution

has been observed.

Sample Sample
Capacitor

I*

L=
Generator @1 @’
R U"'f2

U*,

Fig.ll.1: Smplified <cheme of the dielectric spectroscEagup
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I1.1.2 Rb,Mn[Fe(CN)gl,- zH,0

We have studied the charge transport in valendernseric RRMn[Fe(CN)]y.zH,O samples
with different stoichiometries, which have been thgsized following the “method 2”
described in Ref. [Vertelman 06]. The precipitatese filtered, washed with water, dried at
90 °C and kept in a desiccator at room temperdiateeen the different measurements. The
composition of the obtained brown powders was éstaddl from elemental analysis as
Rby 7eMNn[Fe(CN)]o.01.1.6HO @, Ry gMn[Fe(CN)x]o.960.7H0 @),

Rbyp gdMIN[Fe(CNX]0.020.75H0 (3), and R 3gVin[Fe(CN)]o.s24.5H0 (4). Single crystals of
RbMn[Fe(CN}].H-O (5) were grown by the method described in Ref. [Meréa 08].

The temperature dependence of the effective magmediment fer) and the temperature

dependence of the dc conductivitye, (measured at 2 V and 20 V) of samplg gre shown

in Figure 11.2.
-5
10 F—=— maghetic moment 5.6
[—+— conductivity (20 V)
F—o— conductivity (2 V)
107 15.4
;
a0 3 o
£ 10°F 1°2 -
) i i
3 ] =
o) 3
10 15.0
:
103L 4.8

150 200 250 300 350
T(K)

Fig.ll.2: Temperature dependences of the dc conductivitaguned at 2 and 20 V bias) and
the effective magnetic moment for saniple

The uest value at 300 K (HT phase) is 5ub. When decreasing the temperatugg decreases
slowly and drops more abruptly betwesm 210 and 190 K. At 150 K it reaches the value of
4.9 us. When heating the sample the reverse transiticarsedn the 235 — 295 K temperature
range. It should be noticed that the HT value @f magnetic moment differs significantly
from the expected spin-only value of @@l Such differences have been observed previously
[vertelman 081 ang can be attributed to the incomplete naturth@fphase transition. However at

300 K the electrical conductivity isa. 107 S.ni*, which is two orders of magnitude higher

44



Chapter II: Electrical investigation of switchable molecular compounds

than that reported for vacuum-dried Prussian BRig#°"™ 815, is strongly thermally
activated in the investigated temperature range énog)s to 18° S.mi* at 180 K. The
conductivity displays a large thermal hysteresispldetweenca. 220 and 300 K. The
hysteresis region on the high temperature sideespands well to the magnetic data, but a
significant difference is observed on the low terapge side. Between 210 and 170 K, where
the HT phase transforms to the LT phase, the cdivilychas a similar value independently
if it is recorded in the heating or cooling cyclésa first instance one may suppose therefore
that there isa crossover in the conduction mechanism around 220 and the conductivity
becomes rather insensitive to the actual electramd crystallographic form below the

crossover point.

In order to better understand the possible oridithis crossover point and the effects of the
valence-tautomeric phase transition we have ingat&d the frequency as well as temperature
dependent behavior of the complex conductance t8ihperature dependence of the real part

o'( ) of the ac conductivity is shown in Figure 11.3 tbe different samples.

In samplel, at 125 kHz the conductivity exhibits very weaknperature dependence and no
hysteresis is observed (Figure 1.3 a). At 10 mHe temperature dependence of the ac
conductivity is the same, within the measuremerursy as that ofqc (¢ (300K) = 9.6x1¢
S.m* and ¢’ (180K) = 1.3x10% S.nmi%). At this frequencys’ exhibits a hysteresis, which
corresponds well to the hysteresis region detelsyechagnetic measurements, but a crossing
of the heating and cooling curves occurs in thadrgsis region around 230 K — very close to
the crossing observed in the dc measurement. Tinguctivity behavior at 30 Hz appears to
be intermediate between the high- and low-frequeoages. Sample and 3 exhibit
somewhat different phase transition temperatures thns the thermal hysteresis of the
magnetic moment differs to some extent. For sar@plee observed’ (300K, 10mHz) =
5x10° S.m* and ¢’ (180K, 10mHz) = 1.2xI¢ S.m' and a conductivity hysteresis loop
between 170 and 305 K with a crossover point dos220 K (Figure 11.3 b).

In the case of sampl® the measured valuess- (300K, 10mHz) = 1.6x1® S.m* and ¢’
(180K, 10mHz) = 4.2x1® S.m' — are close to those of the two other compounasth@
other hand, in this sample the phase transitioprétically complete at 220 K, which
explains why one cannot observe the crossoverdarcamductivity hysteresis (Figure 11.3 c).
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Similar results were obtained on the single crysséahples as well (Figure 11.3 e), but the ill-
defined electrode geometry makes the data anatysie difficult {vide infrg). We have also
measured the ac conductivity in samglewhich does not exhibit charge transfer phase
transition and remains in the HT phase in the wheheperature range. The conductivity of
this sample was found somewhat higher than theatiers § (300K, 10mHz) = 7.0x10
S.m' ands’ (180K, 10mHz) = 3.2x18" S.nm%) and no hysteresis efoccurs (Figure 11.3 d).
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Fig.ll.3: Temperature dependence of the ac conductivityifedreint frequencies and the
effective magnetic moment for sample@), 2 (b), 3 (c), 4 (d) and5 (e). Closed and open
symbols correspond to the heating and cooling syclespectively. Data points are
connected to guide the eye.
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The temperature dependence of the ac conductiaitybe better understood from Figure 11.4
which displays the frequency dependence’ ot different temperatures for samgeén the
heating and cooling modes. (Analogous behavioure wbserved in each sample, which are

omitted therefore.)
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Fig.ll.4: Frequency dependence of the ac conductivity forpéa2 at fixed temperatures in
the heating (left) and the cooling (right) cycl€sirves are displayed by steps of 10 K. Data
points are connected to guide the eye.

At high temperatures and low frequenc#ss constant and equals closely the dc values. As
the frequency increases a gradual dispersion setgsulting in an apparemqower law
dependences{ ~ &) with an exponenn [ 0.6 at high temperatures. ThEossover
frequency («) which separates the power-law and the frequendgpendent (dc) regimes
decreases continuously with decreasing temperé&tureca. 0.5 kHz to 10 mHz between 345
K and 225 K. This behavior is typical to disordessdids consisting of regions with different
conductivities.”™ % At high frequencies the carrier motion is localizbdt as the frequency
decreases charge transport must extend over laigfances and will be increasingly limited
by bottlenecks of poorly conducting regions, therefthe conductivity decreases as well. The
fact that the temperature dependencer’'oin the power-law regime is less pronounced is
consistent with the observation that the thermatdngsis becomes less detectable at high

frequencies and low temperatures.
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The measurement of the impedance allows one tordigte both the complex conductivity
and the complex dielectric function which are retato each other by* = iwge* (& being

the permittivity of the free space).

The motion of the charge carriers in low-mobilitglids is accompanied by an electrical
relaxation, therefore the analysis &f (or ") can contribute to the understanding of the
charge transport mechanisms. In Prussian blue guedothe electron transfer between the
metallic sites is accompanied by a change in thmection of the dipole moments in the

sample (for example Mn— Fé" vs. MA" — Fd'). Therefore one can expect a significant

transition between the HT and LTrmf of

difference in £ with the phase
Rb,Mn[Fe(CN)],.zH,O. Ohkoshiet al [°"" Slrenorted dielectric constant measurements

on this compound both in the radio-frequency (1-Kbx) and optical (300-1000 THz)
regions. Though reflecting different processesdiipand electronicy was found to change
significantly upon the phase transition in bothgfrency domains and the observed hysteresis

loop was comparable with the magnetic suscepyhiléta. In our case we investigatédn
the 10 mHz - 1 MHz frequency domain. As an exampigure 11.5 shows the thermal
variations ofe’ measured at 2 kHz for the different samples (watid without thermal

hysteresis of the magnetic moment).
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Fig.ll.5: Temperature dependence of the dielectric congtanat 2 kHz for sampleg - 4.
Closed and open symbols correspond to the heatiagcaoling cycles, respectively. Data

points are connected to guide the eye.
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The main observation here is that the temperatememtdence of the dielectric constant
corresponds also to the hysteresis of the magnediment. Alike in the conductivity data, a
crossing of cooling and heating curves appearsarhysteresis region close to 220 K.

Unfortunately, the frequency and temperature degeces of the dielectric permittivity are
difficult to analyze, by means of the conventio@ale-Cole representation, because a strong
low-frequency dispersion &f and&’ appears when the temperature increases. This iloehav
is characteristic of charged carrier systéifi&"®" 8% By using the electricmodulus
formalism for the treatment of dielectric data, an enhancegnt the contribution of
conductivity effects can be obtain€$°® "2 The conductivity relaxation model, in which the
dielectric modulus is defined y*( ) = 1/&*( @), can be used to get information about the
relaxation mechanism in the absence of a well-édfinlielectric loss peak. As far as
conductive effects are concerned, glectric loss moduliM”( @) exhibit relaxation maxima
in contrast to the relatively smooth patterng’¢fe) plots. Another advantage arises from the
fact that the contribution of electrode screeniffgat in the low-frequency spectrum tail can
be eliminated. To estimate the dielectric relaxatio RgMn[Fe(CN)]y.zH,O samples, the
complex permittivity is converted to the complexattic modulus. As an example, Figure
1.6 displays the imaginary part of the electricdutus (scaled b” nay as a function of the
frequency of the electrical field (scaled by, at different temperatures in the heating and

cooling cycles for sampl2 (Analogous behaviours were observed for all osla@nples.)

Fig.11.6: Plot of normalized loss electric modulus (M”/iy vs. reduced frequencynay
at various temperatures in the heating (left) andlmg (right) cycles for sampf Curves
are displayed by steps of 20 K. Data points arenested to guide the eye.
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The perfect overlap of the curves for the invesédaemperatures leads to a master curve.
This means that all dynamic processes occurrirdiff@rent temperatures exhibit the similar
activation energy and that the distribution of xak#on time is independent of temperature.
The frequency of thtM” peak maximum is defined &lse dielectric relaxation frequency

(«p) and it was found to increase with increasing terafure.

11.1.2.1 Charge transport and dielectric relaxationin RbyMn[Fe(CN)g]y- zH,O

The temperature dependence of the dc conductivigaoh RMn[Fe(CN)],.zH,O sample
exhibits two regions — independently if they exhitharge transfer phase transition or not.
Above ca. 220 K the temperature dependence of the dc comdycts described — as

expected for a small polaron hopping mechanismarbfrrhenius equation:

04d(T) = (B/T) exp(-Eic/ksT) (1)

The activation energy of the dc conductivigd was found 0.57(1), 0.56(2), 0.51(1) and
0.43(1) eV for samples, 2, 3and4 respectively (table 1).

The activation energies were found the same withénexperimental incertitude in the HT
and LT phases. (We shall note here thatBfevalues have been extracted actually from the
frequency-independent part of the ac conductivdtad- displayed in Figure 11.2.) One may
speculate that the smaller activation energy obthim the case of sampieis due to its
significantly higher water content and associatigghdr dielectric constahte""e 83\when

the temperature decreases bettaw220 K deviations froneq. (1)indicate the presence of a
change in the conduction mechanism. In fact, theeofation of a variable activation energy
(i.e. non-Arrhenius) conduction mechanism at low temioees is a quite general feature of
small polaron hopping>®® "2 As it has been discussed by Austitd Mott, at relatively low
temperatures the zero-point vibrational energyvaigolaron hopping to occur without any

thermal activation™'s"™ % These authors predicted a departure from therlinga,.T) vs. T*

behavior for temperatures beldwé,/2, where§, is defined by:

kBGD = h(.l.)ph (2)
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with apn being the average (or predominant) phonon frequehlcyur case, this phonon
frequencyapn can be calculated as 5.8%1G™ (ca. 310 cni'), which falls in the range of

typical frequencies of breathing modes of the metalrdination polyhedra in Prussian blue

analogue$<° 7!
LT HT LT HT
E« |B . E« | B . E, Gop E, Gy
(eV) | (ScnK) (eV) | (Scm'K) | (eV) (s9) (eV) (sh
1 +O(')5gl 323%% 0+'57 31%8 no reliable data
0.01
) 0.54 670 0.57 450 3.2x16° | 0.53 1.4x10°
+0.01| +130 + +130 | 0.55| +1.6x13° | +0.01 | +0.6x10?
0.01 +
0.01
3 0.50 820 0.51 770 | 0.56 8.0x10° 0.57 1.9x16°
+0.01| +130 + + 160 + +1.6x10% | £+0.01 | +1.9x1d?
0.01 0.01
4 | no phase transitior 45 no phase transitio 0.42 4.8x10°
P 044 +4 P +0.02 | +0.2x1d
+
0.01
. 0.52 810 . 0.50 ox10
5 no reliable data N + 80 no reliable data +0.01 + 310
0.01

Table.ll.1: DC conductivity and dielectric relaxation activaii parameters for the different
samples of RMn[Fe(CN)],.zH0 in the LT and HT phases derived using equatithsuid
(4) respectively.

As mentioned before, the conduction due to a psodssite-to-site charge transfer must
involve a dielectric relaxation. This is becausbop to a new site can lead to successful
charge transport only if the polarization cloudldals. This electric relaxation requires a
relaxation time,z. With increasing frequency the polarization (or dattic constant) will
monotonically decrease because the relaxation taoflow the electrical field beyond a
certain frequency. Indeed, this has been obsermedur samples as well. On the low
frequency side thdispersion of¢” has its physical origin in electrode polarizatidfeets. On
the other hand, at higher frequencies the anabfsthe electrical modulus reveals a dipole
relaxation process, which is thermally activatea. determine with more precision the

frequency of the dielectric relaxation peaks, thx@esimental data of the dielectric loss
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modulusM”( &) can be conveniently fitted by a superposition 0b tar three Havriliak-

Negami function§/iak 71,

., _ Al\/lj
V@=L e P ©

where ¢ =L[Sin an ]é[sin ap ]‘5 and AM are the mean relaxation time of the
w, 2(1+B) 2(1+B)

relaxation time distribution and the relaxationestth, respectively. The two shape
parameters: andf determine the logarithmic slope of the low frequeitoss taila and the
high frequency loss tai(af). In both samplegy, exhibita thermally activated dependence,

i.e. it obeys the Arrhenius equation:
w(T) = wopexp(-5 /keT) 4)

Figure 1.7 shows the Arrhenius plot of the two maglaxation frequencies for sam@«in
the heating cycle).

10°
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Fig.1l.7: Arrhenius plot of the relaxation frequencieg, obtained from the maximum in
M’( @) and a obtained from the non-linear least-squares fittoigo’(«) to equation (5)
(sample2, heating cycle). The solid lines are the leastasgs linear fits to equations (4) and
(6). The insert shows the thermal variation of plogver exponent n in equation (5).
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The two main relaxation processes show very sint@arperature dependences, though the
values of the pre-exponential factay, are somewhat differenEigure 1.7 displays also the
temperature dependence of the crossover frequendgtermined from the ac conductivity
data of the same sample. Indeed, the frequencyndepeeof o’ is usually well described by

usingJonscher's “universal dielectric response’{UDR). Ponscher &3]

0’ (W) = Ogc +AW' = Oy [1+(W/ ux)"] 5)

where the characteristic frequengycorresponds to the onset of the conductivity disiper
andn is the frequency exponent, which has a value at@ué ¢0.05) in the high temperature
range (see the inset of Figure Il.The crossover frequency corresponds to the hopping
frequency a of the charge carriersand shows a thermal variation similar to the diele
modulus loss peak maximum. Indeed, as seen in &ilju@, the hopping frequency is also

thermally activated for sampand it is fitted to the Arrhenius equation:

h(T) = Gon exp(-En /keT) (6)

whereE; is the activation energy for hopping aagl, is the attempt frequency (i.e. the phonon
frequency). Upon comparing the values Ef (0.55(1) eV) and the activation energy of
hopping Er = 0.53(2) eV) in the LT phase (heating mode)aih be assumed that these two
representations are completely equivalent evermal temphasize different aspects of the

underlying mechanisms of charge transport.

In Figure 11.8, the temperature dependence of titaarent conductivity, using equatidgh),
is compared to the temperature behavior of the meaxation frequencyy, (see equation 4)

for sample2.
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Fig.11.8: Temperature dependence of the dc conductiviten@gtes) and the conductivity
relaxation frequency (circles) for sampk Closed and open symbols correspond to the
heating and cooling cycles, respectively. The slitids are the least-squares linear fits to
equations (1) and (4).

Table II.1 summarizes the fitting results for eadmple. The activation energy of the
relaxation frequencyg,) was evaluated asa. 0.54(1), 0.56(1) and 0.42(2) eV for sampes

3 and4. The fact that Eqc [7Ey implies that the charge carrier has to overcome theame
energy barrier while conducting as well as relaxingThe observed dielectric relaxation is
therefore due to the electrical conductionThis means also tha and g, are proportional
and the constant of proportionality is universaryng only weakly with the temperature.
This finding is known as the Barton-Nakajima-Namiarelationship and indicates that the
dc and ac conductivities are closely related ttedber and based on the same mechanism of
charge transport. Indeed, the frequency dependertuctivity of many disordered materials
(inorganic glasses, polymers, doped semiconductond, ionic conductors) is known to
exhibit such universality and their behavior can dmaled to a master curvee( the
conductivity data follow the time—temperature syosition).”"s"®" 83IThe above discussion
was restricted to compacted powder samples bectgse provided the highest quality
complex conductivity data (due to their favorableecegode geometry)However, in
polycrystalline materials in addition to bulk comtiuity, grain boundary resistance and
polarization have to be considered as well, espgdiathe low-frequency range. Under the
action of an electric field, the grains are poladzy the accumulation of charge carriers on

their boundaries, leading to an additional relatattomponent in the dielectric spectrum of
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the material. In many cases, separation of the laki grain boundary effects is
straightforward by means of Cole-Cole type plotshaf complex impedance (or permittivity)
data. In our case, Cole-Cole arcs did not apply@mg a continuous increase gf with &
was observed. For this reason we used the modolusafism for separating interfacial
phenomena from dipole relaxation due to charge ingppFor further investigation of
eventual grain boundary effects on the complex wotndty of this material, we have
investigated a single crystal sample of RbMn[Fe:N}yO as well (samplé).! verteiman 08l
Due to the small sizecd. 1 mnT) and non-geometrical shape of the available cis/stee
electrode geometry is ill-determined and this leadsigh uncertainty in the absolute value of
the conductivity and also to higher standard dewmatof the data, especially at low
temperatures. Nevertheless, the conductivity datsirmgle crystals resembles closely to those
obtained on polycrystalline samples (Figure I1.3Ngtably, we noticed a marked deviation
from an Arrhenius-type behavior below 220 K. Betw&50 and 220 K the conductivity falls
four orders of magnitude, similar to the polycryista case, which corresponds to a thermal
activation energy ota. 0.52 eV (table 1). Note here that in the singlgstals the phase
transition takes place rather gradualy betweemtlre HT phase and a mixed (1:1) HT+LT
form and therefore fitting cannot be carried outha LT phase. However, it appears clearly
that both the relaxation frequency and the condiigtiof the LT form are higher when
compared to the pure HT phase (at a given tempejatlihe frequency dependence of the
conductivity follows a power law and, as a consegee the hysteresis of the conductivity
disappears at higher frequencies. The electric lossluli M"( &) exhibit temperature
dependent relaxation maxima and W& ¢) curves at different temperatures can be scaled to
a master curve similar to the powder samples. Thigadion energy of the relaxation ¢s.
0.50 eV. This means that in the crystals as wellr#ationshipEy. //E; is confirmed. The
main difference between the single crystal and grghtalline samples is observed beloav

200 K in the low-frequency region, where the crigstghow significantly less temperature
dependent (virtually activationless) conductiviyince there is no single straightforward
theory that may allow us to discuss the mechani$rthis low temperature conductivity
process and the quality of the data is also rgtler at low temperatures, the discussion of
the interplay between the charge transport andchia@ge transfer phase transition will be

confined to the high temperature region (> 220 K).
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[1.L1.2.2 Charge transport and the charge transfer |pase transition in

As shown in Figures 1.2, 11.3 and 1.5 the thernigisteresis of the magnetic susceptibility
can be clearly correlated with a hysteresis of dheconductivity as well as the dielectric
permittivity. However, inside the hysteresis regagrossing point appears aa(T) as well

as ing(T) around 210-230 K, leading to a strange “doublglaurve, which is not observed
in the magnetic measurements. Clearly, this crggsaint is not related to the charge transfer
phase transition, since it is observed in samplaeither to another structural modification
since powder X-ray diffraction, Raman spectroscapid differential scanning calorimetric
measurements revealed no singularity around 2ZDhirefore, we believe that this crossing
point is not related to any structural change & sample and should be associated with a
departure from an Arrhenius-like hopping proceswatols an activationlesgunneling
conduction mechanism (as described above).

In the high temperature range our observationstpm@arly to a conduction mechanism by
small polaron hopping Given that the water content of our samples wa# las low as
possible we adopt the hypothesis of Rosseirkal [R°55¢nsk 87and we assign this hopping
process to an intervalence electron transfef'NNC-F€* . Mn**-NC-F&”. This assignment
is corroborated by our thermopower measurementtseasign of the Seebeck coefficient was
found negative in each sample. (Typically S exbib@lues ota. -120(x20)uV/K between
300 and 350 K.). Bearing in mind that this assignim@ncerns only the high temperature
region, the possible effects of the phase tramsiba the charge transport will now be
considered. In the case of hopping transport we usanthe well-established relationship,
using the Einstein diffusion equation between the dc conductivity and the hopping
frequenc{ 7%

Ouc = (nce’a’/6ksT)V, = (nce’a’/6ksT)Voplexp(-Eo/ksT)] 7)

wherev, = w/27% a is the hopping distanceeg( the Fe-Mn distancejy is the carrier density
(i.e. the density of Fe-Mn pairs) arf} is the activation energy for the hopping procésss
equation implies that the activation energy égrand gy is the sameHl, = Eqyo), which we
have already demonstrated above. A further praothie applicability okeq. (7)in the present
case comes from the evaluationngf which appears to be of the order of 3 (+ 2) X18°
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and nearly independent of the temperature. Thiseva reasonably close to the theoretical
number density of Fe-Mn pairs of 3.4%1Gn> in RbMn[Fe(CN})].H,O if one takes into

account that the hopping probability will be neeesyg reduced to some extent in the real
material due to the vacant metallic sites, charg®rder and interactions between the

polarongd.Sae" 72

Figures 11.2 and 11.3 reveal clearly that the dodoctivity is higher in the LT phase. Let us
note that the same observation was made by 8atal. in the case of the compound
NaCo[Fe(CN}],.zH,0 52 %4

In the case of RIMn[Fe(CN)],.zH,O the higher conductan¢e,.) of the LT phase parallels
the higher hopping frequenciés,) (Figure 11.8), which can be explained either byoeér
activation barrier () or by a higher value of the pre-exponenféaitor (). In our sampled

and?2 the activation energy in the HT and LT phases fwaad very similar (0.54 0.03 eV)

(table 1), while in the sample investigated by Sstal S %4

the activation energy of the dc
conductivity was even smaller in the HT phase (%3 when compared to the LT phase
(0.54 eV). This points to the important role of hre-exponential factor, which increases in
the case of sampl2 (for example) from (1.5+0.6)x1s™ to (3.8+2.6)x16* s* when going
from the HT to the LT phase. These valuesapfare of the order of the lattice phonon
frequencies to which carriers can be coupled. Taigral role of the phononswould not be
surprising since strong electron-phonon interactisna prerequisite for small polaron
formation and the charge transfer phase transitigalves also a strong modification of the
lattice dynamics. Indeed the LT phase is muchestiue to its reduced volume and the Jahn-
Teller distortion in the LT phase alters also tlec&on-phonon coupling scheme. Even if the
uncertainty of the absolute values @f are relatively high, we stress that we observed an

increase of the pre-exponential factor upon the-HT transition for each sample, both in
the dc conductivity and, independently, in the elitlic relaxation data while the activation
energy remained closely constant. One should alsstimat thevalue ofay cannot be directly
associated with a particular phonon frequency, ibus better described as an “effective
attempt frequency” not only because the chargeletamay be coupled to different (and
multiple!) phonon modes in the HT and LT phases,di&p because of the possibility of non-
adiabatic processes, which decrease the probailityiccessful hopping evenft& ik 671
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In summary we can say that the conductivity chamgen the charge transfer phase transition
in RbMn[Fe(CN)]y.zH,O is mainly determined by the variation of the prgonential
factor. Since the constants involvedsy(i.e. the hopping distance, the phonon frequency and
density of donor-acceptor pairs) change little frame phase to another or from one
stoichiometry to anotherthe value of 6y is expected to vary less than an order of
magnitude upon the phase transition, which has beeoonfirmed here experimentally
We believe that the comparable activation enerdyegin the HT and LT phases occur only
fortuitously. For example, one may speculate thatghorter distances in the LT phase imply
higher force constants. Assuming parabolic poteeteergy curves the former will lead to
smaller activation energy due to the proximity bé tpotential wells, while the later will
increase the barrier due to the higher curvatuthefwells. In certain circumstances the two

effects might thus just cancel each other.

11.1.3 NaxCo[Fe(CN)]y.zH,O and Ca[W(CN)g]2(pyrimidine) 4- 6H,O

In order to confirm the universality of the chatgensport properties observed and discussed
for RbyMn[Fe(CN)e]y-zH,O, we have investigated two more compounds that béxai
charge transfer phase transitidda,Co[Fe(CN)]y-zH,O in two different stoichiometries,
Nao 2Co[Fe(CN}lo754.13H0 (6) V™™ %) Nap sCa[Fe(CN)3315H,0 (7) " % and
Cos[W(CN)g]a(pyrimidine) 4-6H,O (8) [Ohkoshi 06, Ohkoshi 08] Tha NaCo[Fe(CN})],-zH,0
compound has a typical cubic structure of the Randslue type complexe$his compound
exhibits a CT phase transition between the highptamture (HT) Fé(t,ge, LS, S=1/2)-
CN-Cd'(ta’8”, HS, S=3/2) and the low-temperature (LT)"@g’e,’, LS, S=0)-CN -
Ca"(t2’e,’, LS, S=0) phases accompanied by a thermal hyitdoemp. On the other hand,
the complex CgW(CN)g]2(pyrimidine)-6H,0O is based on octacyanometalate building
blocks and it was shown to display a CT phase ittans between the HT
Co}s(S=3/2)-NC-W"(S=1/2) and the LT Co/ (S=0)-NC-W"(S=0)electronic

configurations (HS and LS stand for high-spin ana-bpin respectivelyf?h«osh! 06 Ohkoshi 08]

In the same way as we presented the results fayaimplex ReMn[Fe(CN)]y-zHO, we will
discuss the dielectric properties of the other ocoumgs. We will start by the

Na.Co[Fe(CN}]y.zH,O which is also a Prussian blue analogue compound.thia
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Nay 2Co[Fe(CN}]0.734.13H,0O compound, the product of the molar magnetic sigubty

and the temperature displays a thermal hysteresig (figure 11.9). The molar magnetic
susceptibility, falls from 3.65 cirK mol™ to 3.22 cml K mol™ on going from the HT to the
LT phase. The phase transition temperatures ircdbéng (heating) modes are 170 K (180),
yielding 10 K as hysteresis loop width. On the othand the temperature as well as
frequency dependence of the real paftw) of the ac conductivity exhibits a small hystesesi
which roughly corresponds to the hysteresis regetected by magnetic measurements. We
observeds’ (310 K, 10 mHz, 33 Hz, and 100 kHz) = 3.4X18.cm, ¢’ (190 K, 10 mHz) =
8x10"? S.cm?, ¢ (190 K, 33 Hz) = 4.6x1®" S.cni’, ands’ (190 K, 100 kHz) = 5.8x18
S.cm'. Moreover we observed the same crossing behafithrecheating and cooling curves
that occurs in the hysteresis region close to tese transition temperatures around 190 K

(No crossing point observed at 100 kHz).
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Fig.l1l.9: Temperature dependence of the ac conductivityl (yad) at different frequencies
and that of theyy T product for samplé. Closed and open symbols correspond to the heating
and cooling cycles, respectively. Data points arerected to guide the eye.

Figure 11.10 displays the frequency dependence’ @it different temperatures in the heating

(fig.1.10 a) and cooling ((fig.11.10 b) modes.
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Fig.11.10: Frequency dependence of the ac conductivity atdfbemperatures ranging from
120 to 350 K in the heating (a) and from 355 to 203he cooling (b) cycles for sampde

Curves are displayed by steps of 10 K.

At high temperatures and low frequenci€ss constant in the heating and cooling modes. As

the frequency increases a gradual dispersion setgsesulting in apparent power law
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dependences( ~ «J) at high temperatures. The crossover frequengywhich separates the
power-law and the frequency-independent (dc) regintkecreases continuously with
decreasing temperature frara. 3.1¢ Hz to 10 mHz between 350 K and 120 K in the heatin
mode and 3.10Hz to 4 Hz between 355 K and 205 K in the coolimgde. This behavior is
similar to what already observed for the RbMnFe @asy To estimate the dielectric
relaxation of this sample in the heating and caphmodes, we plotted the imaginary part of

the complex modulus (fig.I.11).
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Fig.ll.11: Plot of the loss electric modulus (M”) vs. thedquency at various temperatures
ranging from 150 to 350 K in the heating (a) analatg cycles for samples). Curves are
displayed by steps of 10 K. Data points are coratettt guide the eye.
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Similar to the case of the RWNn[Fe(CN)],.zH,O analogues, the analysis of the electrical
modulus reveals a dipole relaxation process ofteHgte charge transfer, which is thermally

activated. To determine the activation energy is fample, the temperature dependence of
direct current conductivity, using equati¢l), is compared to the temperature behavior of the

main relaxation frequenay, (see equation 4) for the same sample.
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Fig.l.12: Temperature dependence of the dc conductivitgn@les) and the conductivity
relaxation frequency (circles) for sampée Closed and open symbols correspond to the
heating and cooling cycles, respectively. The doligs are the linear fits.

The activation energy of the relaxation freque(ty was evaluated asa. 0.50+0.01 and
0.49 £0.01 eV in the heating and the cooling modes, smdy, whereas the activation
energy of the charge transport were found abou £0501 and 0.420.01eV in the heating

and the cooling modes, respectively.

The fact tha&y. L/E, implies that the charge carrier has to overcomesémee energy barrier
while conducting as well as relaxing in the heating cooling mode. It appears therefore that

the charge transport properties discussed abowgeamral for this family of compounds.
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We have also investigated the MNaos[Fe(CN)]3.3.15H0 and
Cos[W(CN)gl2(pyrimidine),- 6H,O compounds, which will be used later for further
investigation (see 11.2)n these compounds also, the product of molar miggsusceptibility
and the temperature displays a thermal hysteresis due to the CT phase transition (figure
11.13). The molar magnetic susceptibility and tlenductivity values characterizing the two

compounds are as follows:

- For the Na)CofFe(CN)]s315H,0 sample (fig.1l.13 a), the molar magnetic
susceptibility falls from 14.5 cirK mol*to 2.4 cni K mol™ on going from the HT to
the LT phase. The phase transition temperaturesercooling (heating) modes are
218 K (238), yielding 20 K wide hysteresis loop,emass’ (350 K, 10 mHz, 100
kHz) = 2.5x10 S.m*, & (205 K, 100 kHz) = 6.5x18 S.cm*, ands’ (205 K, 10 mHz)
= 3.2x10™ S.cni’,

- For the Cg[W(CN)g]2(pyrimidine)-6H,O sample (fig.l1l.13 b), the molar magnetic
susceptibility falls from 14.3 cfrK mol™*to 2.8 cni K mol™ on going from the HT to
the LT phase. The phase transition temperaturdbercooling (heating) modes are
216 K (296), yielding 80 K wide hysteresis loop,emass’ (350 K, 10 mHz, 33 Hz)
= 4.2x10° S.cnm*, &' (260K, 33 Hz) = 4.6x18" S.cn*, ands’ (260 K, 10 mHz) =
1.5x10™ S.cm'.
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Fig.1.13: Temperature dependence of the ac conductivityOambHz and 100 kHz for the
Nap ,Coy[Fe(CN)]3315H0 sample (a) and at 33 Hz and 10 mHz for the
Co3[W(CN)] 2(pyrimidine)-6HO sample(b). Closed and open symbols correspond to the
heating and cooling cycles, respectively. Proddanholar magnetic susceptibility is depicted
for each sample in, (a) for the A& o[Fe(CN)]s315H0 sample, and in (b) for the
Co3[W(CN)] 2(pyrimidine)-6HO sample.

In both samples, the conductivity exhibits very Brobanges between the HT and LT phases
when compared to what observed in the RbMnFe sangpié the electrical properties do not

allow to follow the phase changes (within our expental precision). On the other hand, the
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conductivity mechanism appears very similar aglirparticular, a crossover frequenay)

which separates the power-law and the frequenayependent (dc) regimes were observed

in these two compounds as well (fig.11.14).
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Fig.ll.14: Frequency dependence of the ac conductivity atdfbemperatures ranging from
120 to 350 K; in the heating (a) and the cooliny¢iacle for the Na,Cos[Fe(CN)| 3.3.15H0
sample and in the heating (c) and the cooling (dycle for the

Cos[W(CN)g] 2(pyrimidine),-6HO. Curves are displayed by steps of 10 K.

The dielectric relaxation of these samples in thating and cooling modes, are presented in

fig.1.15 and I1.16. Interestingly, in the GEV(CN)g]2(pyrimidine),- 6HO sample we observe

two relaxation maxima in M”. Moreover in this sahlapthe relaxation frequency
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significantly lower than what was observed in thaQdFe and RbMnFe samples. This

observation is in agreement with the fact #igiCoW) << c’( RbMnFe or NaCoFe).

Frequency (H2) 10 100 10 100 10 100 100 160 1o
Frequency (Hz)

Fig.ll.15: Plot of the loss electric modulus (M”) vs. thedquency at various temperatures
ranging from 150 to 350 K in the heating (a) ande tkeooling (b) cycle for the
Nap ,Coy[Fe(CN)] 3.3 15H0O sample Curves are displayed by steps of 10 Ka [Paints are
connected to guide the eye.
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Fig.11.16: Plot of the loss electric modulus (M”) vs. thequency at various temperatures
ranging from 150 to 350 K in the heating (a) ande tikooling (b) cycle for the
Cos[W(CN)g] 2(pyrimidine)-6H0O. Curves are displayed by steps of 10 K. Data tpoame
connected to guide the eye.

[1.1.4 Conclusions

We have studied the charge transport in valendeitaric RbyMn[Fe(CN)gly.zH.0,
Na,Co[Fe(CN)]y.zH,O and Cos[W(CN)sg]2(pyrimidine) 4-6H,O samples with different

stoichiometries.
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The large bistability domain allowed us to investeythe charge transport in the two valence-
tautomeric phases in strictly identical experimerganditions. In each compound, the
frequency-dependent conductivity obeys time-tentpegasuperposition (scaling law) typical
to disordered solids. The dc conductivity showshanius behavior at high temperatures. A
dipole relaxation process displaying the same thk@amtivation energy as the conductivity
has been also observed. The overall experimergaltsecan be explained by the Mott theory
Odc = (Ne’a/6kgT) Vp. These characteristics were found common for saatiple and imply a
small polaron hopping mechanism of the charge transport, which we asdigio the

intervalence electron transferin the different compounds.

In the case of N&o[Fe(CN}]y.zH,O and C@[W(CN)g]2(pyrimidiney-6H,0O samples no
clear effect of charge transfer phase transitiomhenconductivity ¢4;) was observed. On the
other hand for the RbMnFe samples the valencettaric phase transition is clearly
displayed in the thermal hysteresis of the eleaktipcoperties. Howeveat low temperatures

a crossover occurs in the conductivity mechanism &m an Arrhenius-type to a variable
activation energy behavior leading to a strange “doble-loop” shape of the hysteresis
loop. This crossover is typical to small polaron hogpiphenomena and from the
investigation of samples that do not display phas@sition we could unambiguously
conclude that the two phenomena (the valence tariorphase transition and the crossover
in the conductivity mechanism) are independent @eir in the same temperature range in
certain samples only by coincidence. On the otladhthe charge transfer phase transition
modulates obviously the conductivity and thereftihe conductivity data reflects both
phenomena. Actually, the phase transition doeseaok to a modification of the transport and
dielectric relaxation mechanisms, but it does mothk conductivity and the relaxation rate.
Surprisingly, the activation energy of the condutyi was found fairly similar in the two
phases in the case of RiIn[Fe(CN)],.zH,O samples. On the other hatiek charge transfer
rate and, as a consequence, the conductivity as Wwale higher in the LT phase. This
difference is clearly displayed in the pre-exponerdl factor of the hopping frequency
which correlates well, at least qualitatively, withe fact that the HT. LT phase transition

involves a strong stiffening of the lattice.
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[I.2 Electric field - induced charge — transfer phae transition in valence
tautomeric complexes

Several materials exhibit large and reversible gkanin their optical properties (color,
refractive index ...) under an externally appliedceie field. Among these, the most well
known are electro-optical materials, electrochroamd liquid crystal systenfgmert 98. balton
%l However, the performance of the existing mater{abst, lifetime, energy consumption,
response time ...) is still imited and a lot a$earch activity is currently being undertaken in
order to improve them. On the other hand, instdachproving the existing technologies, it is
important also to explore novel physical mechanjsmbkich may lead to electric-field-
induced (EFI1) switching of material properties. Eaample, bistable organic compouttdf8

%21 or materials exhibiting metal-insulator transigdff"™ %! have been reported to display
interesting and potentially useful switching prdpe under external electrical bias.

In this context bistable coordination complexesilexing two close-lying electronic states
represent an appealing field of investigation. Asudssed in the thesis of Thomas GUILLON
in our teanf®"°" %7 no spin transition was observed when an external ettric field was
applied on various spin crossover complexe§or this reason, in the present thesis we
focus on charge-transfer (CT) complexeswhich can adopt several (meta-) stable charge-
localized electronic forms differing in charge distition ¥ %I As we have already seen,
within this vast family, a few compounds displaysfiorder thermal phase transitions
associated with a metal-to-metal electron transfecontrast to spin crossover complexes
when the electron transfer occurs betweendtmbitals of the same metal ioh?"esh 05
Loutete-Dangui 08lTharefore using an external electric field as stim within the hysteresis loop

one can expect to induce the interconversion betwestwo states.

The large thermal hysteresis loop, which accomgaimenost cases these phase transitions
confers a memory effect to these systems creatihgqpq@damentally new scope for electric-
field-driven switching and memory devices when figdd is applied within the hysteresis
region. It should be noted that somewhat similgregixnents have already been carried out on
a NaCoFe-type Prussian blue analogue compound foyeSal's®® %I but only a reversible

current switching was reported by these authorgside the hysteresis loop.
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[1.2.1 Experimental set up

Sample synthesis and characterization. The microcrystalline powder of
Rbp sMn[Fe(CN)]o.93 1.62H0O (9) was prepared in our team with the help of Sai@BO
and Lionel SALMON by slowly adding an aqueous solut(50 ml) of MnC}-4H,0 (2.5
mmol) to an aqueous solution (50 ml) off Re(CN)] (2.5 mmol) and RbCI (25 mmol). The
solution was stirred mechanically and kept at apemature of 50°C during the addition
procedure and over a successive hour. The browrdgowecipitate was filtered, washed
with Millipore H,O and dried in air at room temperature. Elemeanallysis calculated for
Rby sMn[Fe(CN)]o.9z 1.62H0 (358.10 g/mol): calcd. Rb 19.12, Mn 15.55, Fe6%4.C
18.95, N 22.11; found Rb 19.12, Mn 15.55, Fe 14@3]19.70, N 23.11, 0 8.18. All
chemicals were purchased from Sigma-Aldrich andl waéhout purification. The powder of
Cao3[W(CN)gl2(pyrimidinel- 6H,O (2) has been synthesized as described in ref. [OhK&h
The synthesis procedure and characterization ofCbifFe(CN)]3315H0 (3) sample
studied in this work are detailed in ref.[Bleuze}.0

The charge transfer phase transition was confirmegch sample by magnetic susceptibility
measurements, which were carried out by meansafamtum Design MPMS magnetometer

at heating and cooling rates of 1 Kmin

Raman spectroscopy under electrical biasThe fine powder samplesd. 3 mg with an
effective diameter of 3 mm) were pressed betweendlectrodes, a metallic one and an ITO
(indium-tin oxide) deposited on a transparent gfadase. This “cell” was attached to the cold
finger of an Optistat-CF Oxford Instruments He extue gas cryostat. Raman spectra were
collected between 320 and 80 K using a LabRAM-HBbi@Yvon) Raman spectrometer
(600 grooves/mm grating, 1@fn entrance slit, ~3 cirspectral resolution) coupled to a CCD
detector (Andor DU420) and an Olympus BXFM opticatroscope. Raman scattering was
excited at 632.8 nm by means of a HeNe laser wiiii W excitation power on the sample

(see figure 11.17).
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Spring for contact

ITO

Teflon Screw for fixation

/.

Electrical contacts

Metalic cylinde

Fig.ll.17 Photoof the experimeal setup(variable temperature Raman microscopy un
external bias) used tmvestigate th electric field-induced chargednsferphase transition.
The bottom photograph shows the cold finger of dty®sta with the electrical cell. Th
scheme of the cell is @showr
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The laser beam was focused on the sample via awonkjng-distance X50 microscope
objective, which served also to collect the scattephotons. The Rayleigh scattering was
removed by a holographic notch filter and the Rarspectra were recorded between 1800
and 2400 crif with typical acquisition times between 2 — 5 mile used a Keithley model
6430 source-meter to apply voltages up to 210 \bansample and to control its resistivity
during the experiments. Electric field values iraded in the text are deduced from voltages
applied according to the source-meter and not #uige values at the sample because
losses, due to the geometry of the electrodes @idet sample heterogeneity notably, could
not be assessed reliably. In most cases, at tagane with the ITO electrode (cathode) the
powder sample was not homogenously converted bgldwatric excitation probably due to an
imperfect contact with the electrode.

11.2.2 Investigation of RbyMn[Fe(CN)ely- zHO

In order to test the idea of using an externaltakedield as a stimulus for charge transfer
phase transition, we have decided to investigate ftllowing three-dimensional (3D)
coordination network: RigMn[Fe(CNX]o.93 1.62HB0 which exhibits a CT phase transition
between the high-temperature (HT)"#8=1/2)-CN-Mfi(S=5/2) and the low-temperature
(LT) F€'(S=0)-CN-MH'(S=2) states, accompanied by a large thermal fesgefoop of

(mainly) elastic origif"esh %!

It is known from recent literature that the CTaph transition

in this family of complexes can be induced by terapee, pressure or light irradiatfGHs"

05. Sato 071 The two phases display markedly different magnetiptical and electrical
properties in each case, which can not only be tséollow the phase transition, but allows
one also to consider them for potential applicaiondevices. Of particular importance for
optical devices is the complex dielectric constanexhibiting drastic variations over the
visible spectrum. For example, using the ellipsayndata published in ref. [Loutete-Dangui
08] one can estimate the refractive index and dlasme changes between the two phases at
600 nm as high asAn=0.16 and Ak=0.5 in compounds analogous to
Rbp sMn[Fe(CN)]o.93 1.62H0. In addition, the thermal hysteresis loops caexmeptionally
large (up to 138 K) and they can encompass the r@onperature range in certain cases
[Ohkoshi 05, Ohkoshi 08155 for example the REMnN[Fe(CNY]o.es 0.75H0 compound- Samen E-J-

M. Vertelman etal. 09]\y hich will be studied later in this chapter.

71



x,,T (cm’mol 'K)

Chapter II: Electrical investigation of switchable molecular compounds

Figure 11.18 reportghe product of molar magnetic susceptibility anthperature for th
microcrystalline samplesf Rky sMn[Fe(CNX]o.03 1.62H0O as a function of thtemperature.
The yuT value, whereyy stands for the molar magnetic susceptik, falls from 4.7
cm®kmol™ to 3.4 cmiKmol™ on going from the HT to the LT phase. The phasestt@n
temperatures in the cooling (heating) mode are RIhd 216K, yielding 73 K hysteresis
loop, respectively. The phase tran:n is accompanied also by a colchange from ligh

brown (HT) to dark brown (L.

250 K
4.8' Vi A . *
4 A L] ~~~
Yo e bR . " 2]
1 Sgipi . . = 2094
octede: : 5
1 seiwss  JAT=73K s g 2114 B
4.04 R 0. EL"" K / _<—>: 8 |[° kv/mm LT
A % it . . g 2170
1 ..' > D 2161,
3.6 : HE 3
J £ 0 kv/imm A HT
3.2 218 K: B 201K ; :
T v T T — T — T T 2000 2100 2200 2300
100 150 200 250 300 350 Raman shift (cm -1)

Temperature (K)

Figll.18: (left pane) Temperature dependence ymT of Ry sMn[Fe(CNg] 0.931.62H0 (9).
The insert showshe room temperature crystal structure of the cep@nding compoun
[vertelman 08, Ohkoshi 08lThe arrow shows the effect of an electric field & kV/m.(Fght panel)
Raman spectra of REMn[Fe(CNg]0.031.62H0 recorded at 250 K in the hi-temperature
(HT) and lowtemperature (LT) phases without any external eleéield as well as under
applied field (EFI) in thecooling mod.

The CT phase transition can be conveniently folldwea tris compount by Raman
spectroscopy since it exhibisarp and intense CN stretching modes around-2200 cn,
which are known to be very sensitive to the oxmatnd spin state of the coordinating m
iongNakamot 97 Eigyre 11.18shows selected Raman spectra ofoRn[Fe(CNg]o.0z 1.62H0
excited at 632.8 nm at 250 K in the HT and LT pkasefore applying an external elect
field on the sampleln agreement with previous wo (€ “lthe HT (F"-CN-Mn") phase
of Ry gMn[Fe(CN)]o.03 1.62F,0 reveals two CN stretching modes around 2161 and
cm?, while the LT phase (I"-CN-Mn") is characterized by two lower frequency mo

around 2094 and 2114 &m
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One of the most important results of the present tbsis is that we were able to observe
clear changes in the Raman spectra of these compailsmwhen they were polarized by an
external electric field in the HT phase within thethermal hysteresis region As shown in
figure 11.18 these spectral changes can be unarabgiy assigned to the CT phase transition

between the HT and the LT forms of the compounds.

It must be noted that this electric field effect swabserved systematically when the
transparent electrode (i.e. the surface probed byndR spectroscopy) was negatively
polarized. Furthermore, the electric-field indudgd phase transition is irreversible in the
sense that when the field is removed the sample doereturn to the initial state. This result
can be easily rationalized since the lifetime of thetastable states within the hysteresis
region is virtually infinite. Figure 11.19 reportbe stability of the LT phase in the time. For
example at 218 K in the descending branch, theerbed LT phase (84%) remains stable for
a long time 27 h), but when the initial temperature is close phase transition temperature

(at 280 K) we have observed a relatively fast rafiax from 36% to 22% in the first 60 min,
but after that the complex remains stable.

100
218 K
m D ===
80 -
_5 60-
+
-
\I: 40
— g
20 280 K
0 ) ' ) ' ) ' ) ' ) ' ) ' )

——
0O 200 400 600 800 1000 1200 1400 1600
t (min)

Fig 11.19: Stability in time of the LT phase induced by atemal electric field at 218 K and
at 280 K. In sampl® the fraction of the LT phase was calculated bggrating the peak
surfaces of the Raman spectra.
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Furthermore, we could not induce in any instaneerdverse LT HT phenomenon by an
electric field, but the initial HT state of the sales could be restored by heating above their
respective thermal transition temperatures (sedl2@). However, we should notice that a
proportion ofca.4 % remains as a residual LT fraction even aféating to 60°C.

60

50 +

104

0 T T T T T T T T T T T T T

290 295 300 305 310 315 320 325
T (K)

Fig.1.20: LT fraction as function of the temperature in tieating mode following E-field

induced switching of samp8 The fraction of the LT phase was calculated bggrating the
peak surfaces of the Raman spectra. Data pointe@neected to guide the eye.

We have carried out a more detailed investigatibhe electric field induced switching

phenomenon as a function of the applied electeid fand the temperature (Fig.11.21).

The sample was first constrained in a stepwise eratmnan increasing applied field at 280 K.
Up tocal.l kvV/mm no significant change was observed inRiaenan spectra (Fig.11.21b)

and the current flowing through the sample incrdasenotonically with the increasing bias.
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Fig.ll.21: Electric field effect on the Raman spectra of Rn[Fe(CN)]o.931.62H0. Each
spectrum was acquired at 280 K successively (ayrbethe application of any external
electric field in the HT phase, (b) after the apption of a field of 1.1 kvV/mm, (c) after the
application of a field of 1.2 kvV/mm, (d) after vilagt an hour in zero external field, (e) after
the application of a field of 1.2 kvV/mm in the ogip® direction with respect to case (c), (f)
after rising the temperature to 330 K, (g) afteoting to 280 K and applying a 1.2 kV/mm
field using a capacitor to block the current floge¢ insert for the scheme of the circuit) and
(h) after the application of a field of 3 kV/mm.

For a further slight increase of the applied fialwbve a threshold value o&. E=1.2 kV/mm
the Raman modes of the LT phase appeared abrdigth2{c) and the current increased also
significantly. This may be related to the fact ttfa¢ LT phase is more conductivegure

I1.22 shows a typical I-V curve on this sample.
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Fig.ll.22: Variation of the electric current as function dfet electric field applied on a
stepwise manner on the compo@d he current increases typically from~0.1 to a fa#.

The Raman spectrum in Fig.ll.21c was recorded inmately following the application of the
field, but one should note that the spectrum adipristakesca. 2 min. We have recorded a
few successive Raman spectra under a constanamibwe have observed that the proportion
of the signal of the LT phase remains usually stadlbeit a further increase occurred in some
cases with the time indicating that the converssorelatively sluggish. Furthermore, when
the field is switched off, the intensity ratio ¢iet LT and HT modes remains constant during
(at least) an hour in zero external field (Figld). The application of the same field (1.2
kV/mm) but in the opposite directiomd. positive polarization on the transparent electyode
does not modify either the Raman spectrum (Fid.IeR Finally, when the sample is heated

above the phase transition temperature to 320éutns to the initial state (Fig.Il.21f).

In another experiment, the samplewas cooled down to 280 K and was polarized by
introducing a capacitor in the circuit to impede turrent flow (the scheme of the circuit is
shown in the insert of Fig.l.21). No effect coldd detected up to applied fields of 3 kV/mm

underlying the importance of the charge injectidiig(l.21g) in the mechanism of the
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generated phase transition. After removing the céma we have tried to apply fields higher
than 1.2 kvV/mm in order to further increase thevawsion efficiency. Up tea. 1.8 kV/mm,
only the conversion to the LT phase occurs but abel.8 kV/mm the irreversible sample
reduction starts to compete with the CT phase itrandeading to the completeduction of
the sample (Mn"-NC-Fé' form) above 2.2 kV/mm, characterised by two Ramawdes
around 2085 and 2128 &rfforremmead 08 g (1. 21h).

Electric field effects on Prussian blue, KffEe"(CN)g], exhibiting no CT phase transition,

have been already studied by Carpemteal!©2Penter 90

who observed a partial reduction of
the compound near the cathode and a partial oridatear the anode. They explained this
phenomenon by the fact that Prussian blue type oamgs are mixed conductors in which
the alkali cations can move to provide the chargmpensation required for the redox
reactions. Obviously similar phenomena are expetttaxtcur in other PB analogues as well

and can thus rationalize the observed reductidn in

We have also studied the proportion of the HT pheefere and after the application of an
external electric field (~1.2 kV/mm) at differenbipts of the hysteresis loop (Fig.11.23). For
each measurement the sample was first slowly coddeech (warmed up) in the descending
(ascending) branch of the hysteresis loop to therel temperature and it was stabilized
during at least half an hour before the Raman spmcbf the initial state of the compound
was recorded. Then, another Raman spectrum wasdeztommediately after a voltage
application on the sample as well as five minuédsrito check the stability of the final state.
The proportion of the two phases was estimated tfwerarea ratio of the Ramapy modes
(Iut/lgr+1T). In the pure HT phase at 310 K no field effectldobe observed. However,
Raman spectra collected after the application efdtectric field at 280 K (cooling mode)
revealed a sample conversion to a state consistiB§% LT fraction. The same experiment
with fresh samples at 250 K and at 210 K led taasgcomplete HHLT phase conversion
with a final state consisting of 74% and 84% LTcfrans, respectively. In a similar manner,
we have carried out measurements on the ascenchngltbas well at 110 and 240 K, but we
have observed no field effect on the Raman spekloavever, at 270 K on the ascending
branch of the hysteresis loop we could observenaarsion from a 43% LT initial phase to a
68% LT final phase — indicating that the hysterésgp is modified by the electric field to
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some extent. On the whole it appears clearly tiaetectric field stabilizes the LT phase and

the field-induced switch occurs within the hystésesgion.

IHT/(IHT+ILT)

v 1 v T T T T T T
100 150 200 250 300 350
Temperature (K)

Fig.11.23: Electric field induced CT transition from diffetenitial states. The closed circles
show the temperature dependence of the Raman iiyteragio of the ¥y modes of
Ry sMn[Fe(CN)]0.931.62H0 in the HT and LT phases in zero applied fielg/(lut+1 L7)).
The crosses (open circles) show the proportiohefHT phase before (after) the application
of an electrical field of 1.2 kvV/mm on differentre of the hysteresis loop.

We have also investigated the electric field dffet two other RbMnFe analogue samples
with different stoichiometries:

1) The RlggMn[Fe(CN)]ogs2.71H0 L Moinar. Vertelman et al. 09l mnje {0), presents no CT
phase transition and we observed only the appartiothe reduced form under an applied
electric field. Figure 11.24 displays the evolutiof the molar magnetic susceptibility of the
Ry siMn[Fe(CN)]o.s62.71HO sample as a function of temperature. The magnet@ior
clearly shows that the sample does not exhibitlaotren transfer. ThegyT value at room
temperature is 4.75 ¢hK mol™. The room temperature Raman spectrum of this sauspl
characterized by two CN stretching modes aroundd24sd 2168 ci (HT phase). The
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applied electric bias above ~2 kV/mm lead onlyhe irreversible and complete reduction of

the sample (MixNC-F€' form), characterised by two Raman modes aroun@ 2t2l 2082

cmtisamon 09 gig 11 21h).
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Fig.l.24: (Left panel) Temperature dependencex@T of RI3eMn[Fe(CNX]oss2.71H0
compound in the cooling and heating modes. (Righbhe) Raman spectra of the
Ry siMn[Fe(CN)] 0.862.71H0 compound, recorded at 250 K in the high-tempera(tt€)
phases without any external electric field as waslunder an applied field (EFI).

2) The RlgggMn[Fe(CN)]o.050.75H0 samplelt Samon. E.J. M. Vertelman et al. 09 hichy exhibits a

CT phase transition around the room temperature N@ed for the cryostat) was also

investigated.
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Fig.l.25: (Left panel) Temperature dependencen@f of the RpogVIn[Fe(CN)] 0.9080.75H0
panel) Raman spectra of

Ry ogMIN[Fe(CN)] 0.980.75H0 recorded at 296 K in the high-temperature (HT) dod-
temperature (LT) phases without any external eledield as well as under an applied field
(EFI) in the descending branch of the hysteresis.
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Figure 11.25 displays the evolution of the molar gnatic susceptibility of the
Rbyp odVIN[Fe(CNX]0.00.75H0 sample as a function of temperature (left pangte xuT
value decreases abruptly from 4.6>dthmol™*to 3.2 cni K mol™ around 250 K upon cooling
and, conversely, as the sample is warmed up frodKlL8he yuT value increases around 300
K and reaches the initig4T value.The width of the thermal hysteresis loop (61 Kjédined

by Ty, | = 242 K and Tyt = 303 K. The selected Raman spectra of
Ry 9dVIN[Fe(CN)]0.0¢0.75H0 excited at 632.8 nm and recorded at 296 K in theaRd LT
phases before applying an external electric fieddeals two CN stretching modes around
2162 and 2171 cthin the HT phase, while the LT phase '{f&N-Mn") is characterized by

two lower frequency modes around 2094 and 2114 cm

Clear changes were observed in the Raman spectrasatompound when it was polarized
by an external electric field (~1.7 kV/mm) in th@ lghaseat room temperature (no cryostat

used at 296 K). The spectrum reveals the CT phassition between the HT and the LT
forms induced by an applied electric field, therebyealing an interesting and promising

approach towards electrically switchable deviceskmg at room temperature.

Conceivable mechanisms for the EFI resistive swiggltan involve thermal, electronic or
electrochemical phenomena. Thermal effects canabéyeruled out here since they cannot
explain the HFLT phase conversion and should facilitate thetHT conversion, which
was not observed. lonic transport and electrochamexlox reactions are known to occur in
Prussian blue analogues under external electridsfi& ™" ° |ndeed, the appearance of
the reduced form at fields above 1.8 kV/mm muggiodte from such a redox phenomenon.
The observation of different processes occurringhencathode and the anode as well as the
fact that current flow through the sample is a ssaey condition for the EFI HHLT
transition is also in line with an electrochemipakenomenon. However, if the origin of this
transition is an electrochemical process one mayee&xit to occur not only within the
hysteresis region but also outside, which is intra@hiction with our observations. Another
plausible cause for the HFLT phase transition ia paraelectric-ferroelectric transition.
Such a transition is known to be triggered by hetgctric fields and to stabilize the LT phase
at the expense of the HT phase by shifting the-dirder thermal phase transition towards

high temperatured.°“**" %l|ndeed, ferroelectricity was reported at cryogeaioperatures in
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RbMnFe-type compounds similar 80" 15q as to further corroborate this assumption
we have carried out dielectric measurements in dewemperature and frequency range.
Figure 11.26 displays the temperature dependendbeofeal part of the dielectric permittivity

(¢’) at different frequencies.
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Fig.ll.26: Temperature dependence of the real part of the tooygtielectric permittivity of
Ry sMn[Fe(CN)]0.931.62H0 recorded at different frequencies in the heatingde. The
hysteresis curve at 10Hz is shown in the insert.

One can note a dielectric anomaly peak indif€) curves of the compoun@ close to the
phase transition temperatures, the position of Wwiscfrequency independent. This suggests
the occurrence of a displacive, paraelectric-fdewiec transition for this compound and we

will see later the same anomaly in other compowsdwell. For compoun€, the first-order
displacive paraelectric-ferroelectric transitiorogeeds from the cubicF(ZBm) HT to the

tetragonal (Zm2) LT phase that is from a symmetric to a distogpdase. Considering the
samplel as a vibronic system, which is the centre of antladly-induced interplay between
ferroelectric and paraelectric phases, we can tbestreoretically the potential energy of the
system as formed by two types of configurationagdams: a double well and a simple well

(fig. 1.27), corresponding respectively to the &md HT phases.
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Fig.11.27: Effect of the electric field on the temperatureatggence of the HT fraction{(T)

— simulated using the three-states model. The radefield stabilizes the LT (ferroelectric)
phase and polarizes the dielectric system whicluded a non-zero electric dipole. The
arrows show the direction of the jump of the HTcfien. The insert show the configurational
diagram, restricted to one effective distortion mpgdhowing the potential energy of the
system in the LT (double well) and HT (single wsh}es.

This situation can be approximated by a threestaystem by means of the well-known
Blume-Capel model accounting for elastic interawgif°k"ed9aden 91y collaboration with
Kamel Boukheddaden from the University of Versaillthe mechanism was discussed as
follows: the electric field effect results from tlexistence of the ferroelectric-paraelectric
transition in this family of compound, which accoanges the cooperative Jahn-Teller
transition of sampl®. We should notice that we have chodieis compound due to the clear
indication ( dielectric data) of the existence dfearoelectric (paraelectric) phase in the LT

(HT) temperature regime corresponding to the distb¢symmetric) phase.

The deformation represented in the x-axis of figdlaccounts for an effective distortion
mode, the average value of which informs on theterce of a dipole moment. By virtue of
the intermolecular interactions, the symmetry iskien between the two states of the double
well potential and an energy competition takes @laetween the two phases. While the
former originates from dipolar (electrostatic) natetions, the latter is mainly due to the Jahn-

Teller coupling which drives the first-order trainsn.
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The application of an external fieIE, introduces the energy contributivvi = —Bi E (where

pi is the electric dipolar moment) which enhances“tiedd” breaking the symmetry of the
double well. Consequently, the electric field E vk expressed in energy units and the
polarization P will be expressed through the mdhlacdistortion <Q>, to which it is related
through a monotonic dependence. For simplicity,vglect the depolarizing field by taking
E as a local field. Also, in the present invesimatwe disregard electric conductivity, i.e. we
deal with an insulating solid and we focus onlytba static electric field effect. Moreover,

we restrict ourselves to the ferroelastic intematitase between the molecular units, and the
electric field E is for simplicity taken parallel to the molecukatis. The poIarizatiorB will

be either parallel or antiparallel tﬁ, and reversing_é or B is equivalent, leading to an
electric hysteresis loop with point symmetry in tBeP plane, as observed in recent

experiments by Ohkosk al. (2" ©7]

The complicated configurational diagram of Fig.7l.2an be simplified as a three states
system. The total Hamiltonian accounting for théaséc” interactions can be written as
follows:

H=-K> s'sf =3 Ays (1),

i£]

where s =0+ 1 is a spin state associated with the paraelectnas@ (s=0) and the
ferroelectric phase (s=+1, -1). We recognize in Haman (1) the well known Blume-Capel
model[Beukheddaden 05 hare there is no term breaking the symmetry befvtbe states +1 and
-1 and in which all the energetic contributionsdiéa a competition between the LTP£3$1)
and the HT phases’®). (In a more realistic model, the parameter Kioates from elastic
cooperative Jahn-Teller interaction, which couples local deformations with that of the
lattice.) The parameteh —k,TIng is the effective ligand-field energy containing a zero
temperature energy gap)( between the two phases as well as the effechefvblume
increase during the transition, which lowers thergin field energy resulting in an effective
degeneracyg of the state s = 0. The latter is taken here agpéeature independent for

simplicity. An applied external field stabilizeseti. T phase, which has a nonzero dipolar

moment. Its energetic contribution can be easilgtar ash s, whereh = —Bi E. The order

of magnitude for molecular fields i =10 V/m and a typical value for the dipolar moment
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is p= 20x107® C.m, which yieldsh= 20K . In the mean-field approach, the order parameter
q=(s’) which corresponds exactly to the fraction of ttie ghase, obeys to the following

self-consistent equation

—AJ’;gq 2).
| _ 91
“((1—q)j

Where z stands for the coordinance of the systehichwis taken here equal to 1 for

KT =

simplicity: i.e. z is absorbed in K. Eq. (2) is thguation of state of the system and it leads to
a thermally driven first order transition betweée LT (g=1) and the HT (g=0) states. The

transition temperature, denoted hy, Ts then given by:

_A+2zK /2

ksTeq 3).

In=
2

We have used qualitative values for the model patars, K=354 KA=200 K and g=1350,
leading to the thermal hysteresis depicted in Ifgj7l which contains both stable and

metastable states. The latter are identified by ribgative slope%<0) of nyr(T),
similarly to the mechanical instability in liquidag transition.

As far ash=0, the net polarizationmn = <s> remains equal to zero in the whole temperature

range, due to the absence of the dipolar intenagtiovhich are not considered here for
simplicity reasons. Under an electric field, whigblarizes and stabilizes the nonsymmetric

phase, the equation of state becomes

coshfh
eﬁ(qu+A—len%)

q= 4),

+coshfh
and

m=qtanhth (5),
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while the variational free energy per site is gisgn
F= % Ka? —ksT |n[1+ eﬁ(zKQ*A‘kBT'“g’Z)]cosr(,Bh) (6).

In the following, we aim to demonstrate that thectic field stabilizes the LT phase and
increases the transition temperatuggals observed in experiments. Expanding Eq. (4)ratou

the transition temperature, for which q = %2, bysidaring h <<1, allows to derive the field

dependence of the transition temperaffyéh):

Teq(h)~Tec(O)+m (7)

HereTeq(O) Is the transition temperature of the system urdes applied electric field, given

by Eq. (3). It follows that the shift of the tratisn temperature induced by the electric field
writes as:

2 22
AT, =— N :pE)(S)

eq kBTeq (0)|n g AH (O

ATeq depends on the ratio between the square of tlotr@déatic energy and the enthalpy
change at the transitiofyH (O) In addition, Eg. (8) shows that the lowering loé transition
_A+2zK/2

temperatureT, (0) == by controlling the stoichiometry of the samplesi| enhance
Kg In=
2

the electric field effect.

On the hysteresis loop, see fig.l1l.27, it is fouth@t the electric field shifts the whole
hysteresis to the high-temperature side by ~1 KneW the latter acts differently on the

ascending and descending metastable branches.dindeeoting byT," (T,”) and T, (T, ),

the transition temperatures under the “field” h p=at the ascending and descending
branches, respectively, one can deduce from Edqhé&lthe associated shifts are given by

2 2
h andk AT~ = h

K AT = 3
T In< T In2
°©7 2 °©7 2

(8).
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Since T, >T, , it follows that AT,” <AT, , which indicates that the electric field causes a

nonsymmetric distortion of the hysteresis loop.

It is clear that the proposed model cannot expdiexperimental findings. In particular, the
absence of EFI HP LT phase transition upon reversing the sign ofetkernal electric field
(i.e. no change observed on the anode) is difficultxqplan. Furthermore, the necessity of
current flow shows also that the observed phenonaeanot purely field-induced. It is
possible that the migration of charge carriers rolwadhe electrodes under the field facilitates
somehow the switching effect, but this explanatemains purely speculative at the present
stage. One should note also that in ferroelectatennals, an applied electric field can also
induce piezoelectricity in many cases. Taking i@teount the huge volume contraction when
going from the HT to the LT phasea 10 % for compound) such electromechanical effects

may also contribute to the stabilization of thepfTase under an applied dc bias.

11.2.3 NayCoy[Fe(CN)e)3.3.15H,0 and Co;[W(CN) g]2(pyrimidine) 4- 6H,O

In order to verify if the electric field effect gpecific to the RbMnFe complex or it is a more
general phenomenon we have Iinvestigated two othempounds as well:
Nag ,Cos[Fe(CN)g]s.3.15H,0B"U28" %31 (7) and Ca[W(CN)sg]a(pyrimidine) 4 6H,OCoshi 06.
Ohkoshi 08] (@) ' Compound 7) has a typical cubic structure of the Prussiarelijpe complex
This compound exhibits a CT phase transition betvike high-temperature (HT) Bé, e,

LS, S=1/2)-CN-Clb(t,se”, HS, S=3/2) and the low-temperature (LT) @Eg’e,’, LS, S=0)-
CN-Cd"(t,e,’, LS, S=0) accompanied by a thermal hysteresis lobgmainly) elastic
origin'S"™mamete 021 5 the other hand, complekis based on octacyanometalate building
blocks (see insert of fig.1.28b) and it was shawmlisplay a CT phase transition between the
HT Co\s(S=3/2)-NC-W"(S=1/2) and the LTCo]s(S=0)- NC-W" (S=0)electronic
configurations (HS and LS stand for high-spin ana-5pin respectivelyf?"kosh 06 Ohkoshi 08] ¢

is also interesting to notice that, in these twanptexes, the CT phase transition is
accompanied by a spin state conversion on the ftolbals as well. In contrast,
RbMn[Fe(CN)],.zH,O compound does not exhibit any spin state conwerdiut a Jahn-

Teller distortion occurs in the LT phase on the'Mans.
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Fig.l.28: (Left panels) Temperature dependencadf of Ng Coy[Fe(CN)]3315H0 (a)
and Cg[W(CN)g] 2(pyrimidine)-6H,0 (b) in the cooling and heating modes. (Right fp&ne
Raman spectra of NaCo[Fe(CN)]3.3.15H0 (c) recordedat 270 K in the high-temperature
(HT) without any external electric field as well asder an applied field (EFI) in the
descending branch of the hysteresis and[W¢(CN)] 2(pyrimidine)-6H0O (d) recordedat
250 K in the high-temperature (HT) and low-temperat(LT) phases without any external
electric field as well as under an applied fieldF(E in the descending branch of the
hysteresis.

Figures 11.28a - 11.28b report the product of mateagnetic susceptibility and temperature for
the microcrystalline samplésand8 as a function of the temperatuiiédne y,, T value, where
xm stands for the molar magnetic susceptibility, f&itsn 14.5 ciK mol™to 2.4 cmiKmol™

in compound? and from 10.3 cfikmol™ to 2.8 cmiKmol™in compounds on going from the
HT to the LT phase. The phase transition tempegatur the cooling (heating) modes are 218
(238) K and 216 (296) K for compoundsand8, yielding 20 K and 80 K wide hysteresis

loops, respectively. The phase transition is ac@mga also by a color change from light
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purple (HT) to dark purple (LT) in compoufidand from red (HT) to blue (LT) in compound
8 [Ohkoshi 06, Ohkoshi 08.3]

We have found no Raman data in the literature tonmound7 and 8. However figures
[1.28c-11.28d show selected Raman spectr@ ahd8 excited at 632.8 nm, at 250 K in the HT,
LT phases for sampl8 and at 270 K in the HT phase for samgléefore applying an
external electric field on the sample. The saniplaeresents a CN stretching mode around
2178 cnttin the HT phase, whereas the compo8mitesents two CN stretching modes in the
HT as well as in the LT phases around 2187, 2194 and 2174, 2200 cth respectively.
Unfortunately we weren’t able to get Raman speatreompound? in the thermally induced
LT phase. However, and as shown in figures 11.288t, we were able to observe clear
changes in the Raman spectra of these compounds tiveg were polarized by an external
electric field in the HT phase within the thermgbteresis region. These spectral changes can
be unambiguously assigned, to the CT phase trandigtween the HT and the LT forms of
the compound, and we believe that, the CN stretching mode appgaround 2146 cth
can be assigned to the LT phase of the comp@uRdrthermore we have tried to apply fields
higher than 1.7 kv/mm in order to further increabe conversion efficiency; thereby
confirming what already reported for the RlIn[Fe(CN)]ooz1.62H0O. Up to ca. 1.8
kV/mm, only the conversion to the LT phase occurs dbove ~ 2 kV/mm the irreversible
sample reduction (CeNC-Fé' form), characterized by a single Raman mode ar@iiD
cm’ starts to compete with the CT phase transitiog.(F29). Remarkably, this reduction at

higher fields was not observed in samgle

2146 27c K

2100

Intensity (a.u.)

T T T T T T T
2000 2100 2200 2300

Wavenumber (cm ™)

Fig.l.29: Electric field effect on the Raman spectra of f)o,Fe(CN)) 3.3.15H,0 after the
application of a field of 3 kV/mm.
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Figure 11.30 displays the temperature dependencinefreal part of the complex dielectric
permittivity (€') at different frequencies. The occurrence of akpm €'(T) for compounds/
and8 can lead us also to adopt the paraelectric-fexopet transition as a mechanism for the

electric field-induced charge-transfer phase ttansin these complexes.

1500 '_a) 10Hz
- eof v >/ D\> Heating
- \
1250 . i_ // \\
1000 F « % /# M
-w [ jz: ,./»0'07/0
1410] S A
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Fig.11.30 Temperature dependence of the real part of the tmolielectric permittivity of
Nap ,Coy[Fe(CN)]3315H0 (a) and Cg[W(CN)g|2(pyrimidine)-6HO (b) recorded at
different frequencies in the heating mode. Theehngsis curves at selected frequencies are
shown in the inserts.
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We believe thathe application of a static electric field in thisfamily of compounds

. . . p°E? . .
induces a shift of the transition temperature AT, :F(O) which depends on the ratio
between the square of the electrostatic energy (ina electric dipole moment and E the
external electric field) and the enthalpy chamg#(0) at the transition. The concomitant
occurrence of the paraelectric-ferroelectric andymesic transitions entails that magnetic ions
(Mn and Fe inl, Co and W ir2) should play an important role in the paraeleditoelectric
phase transition albeit vacandf®&>s" %! glkali-metal ion&'™®**" %! and hydrogen bonding

between ligand and zeolitic water molecules colgd mtervengMoshi o8

[1.2.4 Conclusions

We have observed a new type of electric field-imdli¢ransition near room temperature
within the thermal hysteresis region of transitrartal complexes exhibiting charge transfer
phase transition phenomena. Of central interestisnfamily of compounds are the facts that
this transition is accompanied by a spectaculamghaof material properties (magnetic,
optical, electrical and mechanical) and also thatrhaterial properties can be tuned to a great
extent by synthetic chemistry methods. The EFI diteon takes place from the high-
temperature towards the low-temperature phasehbuhverse switch can easily be achieved
as well by thermal-electrical (Joule) effect — lie@dto an all-electrical device. We believe
that the mechanism of this phenomenon is related tparaelectric-ferro(piezo)electric
transition through the field-induced stabilizatioh the low-temperature phase, but further
investigations on the mechanism of this phase ittranswill be necessary using microscopic
and structural probes such as X-ray diffraction apdctroscopy under high electric fields.
From the theoretical point of view, this effect das well described using simple qualitative
models, which capture the essential features opllemomenon. Further advancements in this
field — both for the fundamental and applicativpeads — will, however, require the synthesis

of thin films of these materials exhibiting thernhgisteresis.
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[1.3 The spin crossover complex [Fe(HB(pz2),]

Coordination complexes containing various subsdypoly(1-pyrazolyl)borate ligandsve
been intensively investigated since the pioneevingks of Trofimenkd ™ Mene 9l o and
cobalt derivatives, among several other possibteptexes, have received particular attention
because their spin-state equilibrium is highly gamsto the ligand substitutioh®™ °4 The
ferrous complex formed with the hydrotris(1-pyragidorate ligand, [Fe(HB(p3).], where

pz = pyrazolyl, is one of the most studied compderé this family (figure 11.31). In this
thermochromic complex the iron(ll) ions undergdermally induced spin crossover between
their A1 low-spin (LS) and’T, high-spin (HS) electronic configurations in thed30450 K
temperature range. This high temperature spin cves{SCO) behavior was first revealed by
optical spectroscopy™>" ®land confirmed later by magnetic susceptibility, Seidauer and
infrared spectroscopic studigcninson 79, Grandiean 83htarastingly the thermal spin transition
curve recorded during the first heating differs drastically from the successive thermal
cycles It reveals an irreversible change in the magnatid optical properties in the
materia[lcrandiean 9]

In the course of this study, interesting and unetqekelectrical properties of [Fe(HB(pk)
have been uncovered with possible relevance fortécdnological applications of this
compound. Moreover, most work on SCO complexesifopned on powder samples, and
this is incompatible with industrial needs for thilms with a precise thickness control. So,
the irreversible thermal transition in the electpmperty together with the fact that this
compound can be deposited on surfaces by evapoyratiggests that it might be useful as an
active element in ROM-type devices for various aapions, alongside the initial ideas of

Kahn and Martinez<a €l
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H

Fig.11.31: Schematic structure @fFe(HB(pz})].
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[1.3.1 Dielectric properties of the bulk [Fe(HB(pz))2]

We have decided to re-investigate the remarkahle spssover properties of the complex
[Fe(HB(pz}).] in order to confirm the observations previouslipjshed in the literature, and
then investigate an additional property, whiclhis electrical conductivity. The hydrotris(1-
pyrazolyl)borate ligané/"™me" 67 and the corresponding [Fe(HB(pR) iron(ll)
complexradean 8Y,sed in the following experiments, were synthesineolr team by Lionel
SALMON according to experimental procedures remgbintethe literature. The [Fe(HB(p2)]
complex was sublimed at 463 K in vacuumea.(0.1 Torr) prior to use and either a
microcrystalline, clear violet powder or small dmgrystals (depending on the details of the
sublimation conditions) were obtained. Elementallysis for [Fe(HB(pz).] (481.91 g/mol):
calculated. C, 44.86 %; N, 34.88 %; H, 4.18 %; b, 44.61; N, 34.53; H 4.09. Both
magnetic and electric measurements were perforrsgdy uhe same instruments described
earlier.

The magnetic properties of Fe[HB(glz)have been reported earlier in ref&cnnson 79 gnpg
[Grandiean 89] The results that we obtained are quite similathese reports (Fig.11.32). In our
case they mT product of Fe[HB(pz]. (as prepared) exhibits a gradual increase from 0.0
cm’mol™K at 300 K to 1.21 cfimol*K at 405 K, then an abrupt increase to 2.4Gmoi’K

at 410 K and finally a gradual increase to 2.8Gmpi’K at 450 K. On the contrary, upon
cooling, theyuT product gradually decreases to 0.197mwi K at 300 K. In agreement with
the initial report of Hutchinsormt al. [Huchinson 7l the magnetic susceptibility displays an
apparent hysteresis only for the first thermal eyaohd for all subsequent cooling and heating
treatments, the magnetic properties retrace thialicooling curve, and not the initial heating
curve. The temperature at which the sharp andarsgve transition was observed on our
sample is different somewnhat from previous rep@® Kvs.390 K[Crandean 8% one should
recognize, however, that the initial state.(the freshly sublimated sample) of this sample is
thermodynamically unstable and obviously theretexischaracteristic transition temperature
for such a system since the transformation frommkéastable to the stable phase depends not

only on the temperature, but also on the time.
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Fig.11.32: Temperature dependence of tha product of Fe[HB(pz).upon two successive
thermal cycles. (First cycle: closed circles, satomgcle: open triangles)

The spin crossover in Fe[HB(ph) is also accompanied by spectacular color charkggsre
[1.33 exhibits digital images of the powder sampkrorded at a few representative
temperatures. At room temperature the “as-prepasadiple has a violet color (fig.l.33a),
which becomes fade when it is heated to 470 KI{f&8b). Remarkably, when the sample is
cooled back to room temperature its visual aspggears very different from the initial one.
At the end of the first cycle, the initially paléolet, fine microcrystalline powder (fig.11.33a)
becomes coarse leading to a deeper color and a Indirant aspect (fig. 11.33c). We have
also carried out a microscopic observation of thesephologic changes as shown in figure
[1.33. The optical microscope shows clearly that shmple is composed of small, needle-like
crystallites of a fewam in size before the first thermal cycle (fig.lld38), while it reveals the
presence of well-defined single-crystals havingouss sizes up to a few hundrgoh after the

first cycle.
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Fig.11.33: Photographs showing the temperature dependenceh®fcblor of the “as
prepared” microcystalline sample [Fe(HB(j3).] at 295 K @) and at 470 Kb) as well as
after the first thermal cycle at 295 k). Microscope images recorded at 29 displaying the
typical aspect of the same sample befd, €) and after {, g) the first thermal cycle

In order to get more quantitative details of theicgd changes we have acquired varie
temperature diffuse reflectance spectreéFe[HB(pz}]. in the 400 900 nm rangeFigure
II.34a displays the reflectivity spectra at different teergiures during the first two thern
cycles. The spectra are plotted-log(Rsi/Rer), WhereRsi/Rer is the normalized reflectan:
signal, since this quantity idosely proportional to the absorbance of the sample, pexl

that the scattering coeffent is wavelengt-independent.
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Fig. 11.34: (a) Optical reflectivity spectra of Fe[HB(pk) recorded at various temperatures
during the first two thermal cycles. (b) Temperatwlependence of the reflectivity of
Fe[HB(pz}]. (recorded at 530 nm) upon two successive therncésy
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The reflectance spectrum of the sample at room ¢eatyre is characterized by an intense
absorption band centered around 530 nm - respenfablthe violet color of the compound -
which have been assigned to tHAlg - 1Tlg ligand-field absorption of the LS
moleculed’*s*°" ¢’\When the temperature increases the intensityistiénd decreases due to
the transformation of the singlet ground stateh® S quintet state leading to the bleaching
of the samples. During the first heating cycle oar also observe a rather abrupt change of
the reflectance signal around 430 K (figure 11.34khich can be straightforwardly correlated
with the discontinuous change observed in the magneeasurements. Moreover, the first
heating cycle differs significantly from the subgeqt cooling and heating cycles, which
follow the same trace. These findings are in gagreeement with the report of Grandjeain
al.[erandiean 89y6\vever, figures 11.34a and 11.34b reveal alsoneearly that the reflectance of
the as-prepared sample at 300ik.(in the pure LS state) is not the same as thahef t
thermally cycled sample. The observed enhancemietiieosinglet absorption band is of
course not related to any change of the absorptefficient, but occurs due to the change of
the scattering coefficient.¢. the change of the sample granulometry) in agreemih our
visual observations (figure 11.33).

Beside the magnetic and optical properties the $&Emomenon is known to be accompanied
by changes of the electrical properties as wellkualty, most SCO complexes are highly
insulating and pertinent information can be obtdir®y determining their (quasi-static)
dielectric constarl£®sseks° %le have therefore measured the impedance of a growd
sample of Fe[HB(pz). (sandwiched between two metallic electrode plaiasp large
frequency and temperature ran@alite surprisingly we noticed th#te conductivity of the
sample is relatively high:ca. 6 x10” S mi* at room temperature. This observation has been
confirmed on two independently synthesized batgieging that it is not due to an accidental
contamination, but it is an inherent property oistibomplex. Figure 11.35a displays the
frequency dependence of the real paif), of the complex conductivitg*(f), recorded at a
few representative temperatures during the firsttihg cycle. At each temperature one can
distinguish low and high frequency regions. Inhbrggions the conductivity exhibits only a
slight frequency dependence, but the high frequeaciof the spectrum is characterized by a

higher conductivity. The critical frequency, twhich separates the low and high frequency
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regions increases continuously with increasing &naipire from ca. 1 Hz to 10 kHz between

243 K and 363 K, then decreases to ~ 1 Hz at 433 K.
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Fig.11.35: (a) Frequency dependence of the ac conductivitheofample recorded at selected
temperatures between 243 and 443 K. (b) Temperatependence of the ac conductivity of
the sample (recorded at 10 mHz) during two suceesiiermal cycles. (First cycle: open
symbols, second cycle: closed symbols)
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Figure 11.35 exhibits the thermal variation of theal part of the complex conductivity’)
extracted from the frequency independent regiodGatmHz. At this frequency’ can be
assimilated to the dc conductivity. The dc conduistiis strongly activated up to ca. 360 K,
but then it starts to decrease slowly up to 415 henvit exhibits an abrupt drop. All other
heating and cooling cycles follow a common trackicW differs significantly from the first
heating curve. Notablyhe electrical conductivity (at a given temperaturg is smaller by 3

- 4 orders of magnitude when compared to the firstheating curve and displays no
discontinuities. The conductivity data can be dieaorrelated with the magnetic and optical
behavior. When the temperature increases, the ctinidy of the LS form increases also, but
above ca. 360 K the LS> HS crossover counterbalances the effect of thenidleactivation,
which means that the HS form of the compund is nmwsalating than the LS form. Around
415 K an irreversible transition occurs towards thermodynamically stable form in
agreement with the magnetic and optical observati®his stable phase is significantly more
insulating than the “as prepared” sample, but is ffhase as well the LS form exhibits a
higher conductivity than the HS one (at a givengerature). As far as the charge transport
mechanism is considered, in such a low-mobilitydstiie conductivity should be associated
by a charge hopping process. These processes cstnalghtforwardly analyzed within the

Jonscher or the electric modulus formalisfi&®!

Fig.11.36: The imaginary part of the electric modulus (M”) adunction of the frequency of
the electrical field §) at different temperatures in the heating mode.
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As seen in Figure. 11.36, the hopping frequenay. tihe frequency for which M” is maximal at

a given temperature) is thermally activated. Thevaton energy of the relaxation frequency
(0.52 eV = 0.01) is roughly equal to the activaterergy of the charge transport (0.56 + 0.01
eV) in the heating mode (Figure 11.37).
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Fig.11.37: Temperature dependence of the dc conductivitysjstand the hopping frequency
(circles) in the heating mode for the compound F(b}] .. The solid lines are linear fits.

The appealing irreversible thermal transition of #ectric properties observed in the bulk
Fe[HB(pz}]. SCO complex, together with the fact that this coom@l can be deposited on
surface by evaporation, suggests that it might ¢$efull as an active element in ROM-type
devicesHowever,the obvious question is whether or not the Fe[HB(Pz]. SCO thin film

retains the same electric properties of those obsexd in the bulk complex?

11.3.2 Synthesis, characterization and dielectric ppperties of [Fe(HB(pz)).] thin films

Interdigitated microelectrodes device of 3m width have been elaborated using
photolithography and lift-off processes. To realibe first photolithographic process, the
AZ5214 photoresist was spin coated on a wafer, roogydhe entire wafer surface. Then the

UV (405 nm) light passes though a photomask to sggbe photoresist coated wafer. This
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first exposure was followed by a second UV irradiatof the whole wafer (without the
wash). The photo mask is a glass substrate withr cdd opaque regions. After resist
development and metal deposition (Ti/Au-10nm/120nhby) evaporation the resist is
completely removed, taking the unwanted metal wilsee Fig.11.38). This last operation is
called the lift-off process; it was realized in@trasonic bath containing acetone. The design
of the interdigitated microelectrode devices forofofithography was realized using the
CLEWIN software.

In the last step, a thin film of ca. 200 nm of fre(HB(pz}).] complex was deposited on the
TO-8 chips by slow evaporation of the bulk [Fe(HBg),] complex (fig.11.40). More
precisely, a powder of [Fe(HB(p)] complex was placed in the crucible of an Edwakdto
306 Evaporator under a secondary vacuumedfO® Torr. A tungsten filament is used to heat
the crucible (Joule effect) and thus evaporatestireple from the crucible to the TO-8 chips.

The film thickness is determined by using a quarystal microbalance.

~Résine
Coating " Ti/Au W
Yo
100 o
=— = __  Photomask SR
Insolation
Negative _
Resist Lift-off

Development

Fig.11.38: Schematic representation of the photolithograginacess

Finally the fabricated microelectrodes were sudodlganounted on a TO-8 support as

fig.11.39 illustrates.
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Fig.11.39: Photo of the microelectrode (tifingerlength is about 1400m) devic assembled
on TO-8 support. The insedbiow SEM (left) and AFM (right) images of the mateatrode.

[Fe(HB(pz)),], 450 K, 10~ Torr |

>

Before

Fig.I1.40: Optical (top)and AFM (down) microscopy imaged a thin film of [Fe(HB(pz)2]
deposied oninterdigitatedmicroelectrodes by sublimatic
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In order to be sure that we have a [Fe(HB{pk)hin film and to demonstrate that the
molecule remain intact after evaporation, we pent Raman spectroscopy measurements
on the thin film (figure 11.41).

As shown in the figure above, the recorded Raméatenpa of [Fe(HB(pz).] in thethin film

are almost the same of those obtained with the. @ik assignment of the bands is relatively
easy on the basis of the literature ddt4? 92 Weetton 971 | the [1600-660 cifj region, we
can observe several modes at about, 1500, 1450, 1380, 1210, 1120, 1050, 980, 780 and
720 cm' revealing their pyrazolylborate origin. Bands riaiggfrom 980 to 1500 cthcan be
attributed to pyrazolyl ring stretching modes adaag to the vibrational study of pyrazol by
During et alP"™"9°2 Bands in the range 780-660 ¢roan be assigned to pyrazolyl bending
or twisting vibrations. In this range we shouldoaksxpect the presence of the B-N strech
vibrations. Below 600 cih one can expect to find normal modes corresponttngng
torsions. Between 400 and 200 timands have been reported involvir§e-N) ands(N-B-

N) vibration. The3(NFeN) vibration should be located below 200%tm

Thin film
%\ * LS
> g
=
8
E Powder
*

S

| | | | | | |
200 400 600 800 1000 1200 1400 1600
Raman shift (cm '1)

Fig.1.41: Raman spectra of the bulk [Fe(HB(gz)complex and the thin film recorded at
room temperature (LS state).*: CCD artifacts.
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AFM, optical microscopy and Raman spectroscopy stigations demonstrate that it is
possible to synthesize [Fe(HB(pk] thin films by thermal evaporatiolhe films are of
good quality and their structure corresponds to thebulk material.

These results motivated us to investigate the ridatproperties of the films as we did for the
bulk complex. Therefore we carried out AC conduttiimeasurements as a function of
frequency (15 — 16 Hz) and temperature (200 - 450 K) by means ofoadivand dielectric
spectrometer (Novocontrol BDS 4000 coupled to at@u&ryosystem) at an applied ac
voltage of 1V (fig.ll.42). Frequency sweeps wereried out isothermally. The computed
conductivity can be defined as

c =KY

where Y is the admittance and K is the cell canstiefined by :

K= Le.(N-1)/d

where e, N, L, d are, the microelectrode thickndgbg, number of pair of fingers of
interdigitated electrodes, the finger length, dmelinterelectrode gap, respectively. We should
notice that the sample preparation was accomplilyedepositing an insulating silicon thin
film on top of the [Fe(HB(pz),] film to avoid the evaporation of the complexat high

temperatures during the experiment.

As can be seen from the figure 11.42 the thin fdmaplays similar electrical properties that has
already observed for the bulk complex. In particulae powder and film samples resemble
closely in that all successive heating and cootiyges follow a common trace, which differs
significantly from the first heating curve, i.e. both samples there is an irreversible phase
change during the first heating. The electricaldranivity (at a given temperature) is always
smaller by several orders of magnitude when congpi@ré¢he first heating curve. On the other
hand, the abrupt drop of at 415 K was not observed for the film samplerthermore the
conductivity of the as-prepared film sample is #igantly lower than that of the freshly
sublimated powder. These differences between tirednd the powder should certainly be
traced back to the different electrode configuragio
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Fig.11.42: Temperature dependence of the ac conductivity ef[fle(HB(pz});] thin film
sample recorded at 10 mHz during two successivemiilecycles. (First cycle: closed
symboles; second cycle: open symboles).
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Fig.11.43: Frequency dependence of the ac conductivity of [Be€HB(pz}),] thin film
recorded at selected temperatures between 293 @Bdk3n the heating mode.
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11.3.3 Development of a ROM device based on [Fe(HB%)s);] SCO thin films

The irreversible thermal transition in the electpioperty observed in the [Fe(HB(pkg)
SCO thin films motivated us to test the idea oflding a read-only memory (ROM)
prototype. The information storage process consisthe switch of the compound from the
LS to HS state by heating, either by increasingtémperature of the whole device or by
passing a current through the sample (Joule efféb® read operation can be performed by
sensing the device resistivity (Figure.ll.44).

Fig.1.44: Experimental setup used for ROM device tests. ifege below shows the
connected device to the head of a custom-modifcsiat-DN cryostat (80 - 450 K).
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In this experiment, direct current as a functionsefeep applied dc voltage [-3V,3 V] and
temperature (298 - 410 K) were measured using ¢&hkegi 6430 Sub - Femtoamp Remote
Source Meter and a custom-modified, electricallyelsled, variable temperature liquid
nitrogen cryostat. The electrometer used in theeemgent, measures current with noise

smaller than 10 fA, therefore, low current measwaets are possible with high accuracy.

For applied voltages up to 1V, the electric curner@asurement as function of temperature
shows a linear response (Ohmic characteristicsjoupa. 378 K when the electric current
reaches 120 nA, but then it drops to 80 nA indigatihe transition to the HS state (lower
conductivity). The ROM-type behavior during thestithermal cycle has been confirmed
(Fig.11.45).

T T T T T T T Y T T T v
300 320 340 360 380 400 420
T (K)

Fig.11.45: Electric current as function of the temperaturel® bias in a [Fe(HB(pz),] thin
film deposited on interdigated microelectrodes.

We carried out another experiment where the etectiirent can be an indirect trigger for the
spin transition (heating by Joule effect). In thigperiment we fixed the device temperature at
370 K. Then we increased the electric field biasfrl to 10 V (fig.11.46).

From the measurements plotted in the figure Il.46 can say that at a constant operation

temperature of 370 K it is possible to switch tlewide from the high to the low conductivity
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state by increasing the bias to 2 V. At 1 V the soeed current is about 13 nA. At 2 V the
current was relatively high (ca.40 nA) at the beguy of the experiment but then it starts to
decrease slowly up to 40 s when it exhibits an @tbdnop to the low conductivity region.
Further increase of the voltage above 2 V is ac@mega by a small increase of the electric
current but remarkably, the current remains at ldve conductivity region. This can be
interpreted as follow: under a bias of 2 V, the(H®(pz))_] thin film sample is Joule-heated
from 370 to 378 K ( transition temperature). Therefit was switched from the metastable
high conductance form to the stable low conductdoo® in an irreversible way. We can
thus operate the device using a small read voltagé V) and a somewhat higher write
voltage (> 2 V). Of course the actual value of teeitching bias” depends on the device
temperature and the time, i.e. at lower temperatane has to apply either higher bias or wait

longer (and vice-versa). On the other hand, théagtais possible at room temperature.

405 f2v =] 370K
1V —
10-
N
<
c
N
1- oV
9V
7V
5V
— 4V
3V
I v I v I v I v I v I v I v

0'10 20 30 50 60 70 80

40
t(s)
Fig.11.46: Electric current measurement as a function of timeetwith bias on the device.

[1.3.4 Conclusions

In this chapter we discussed the electrical proggef the singular spin crossover complex
[Fe(HB(pz}),] in the bulk as well as thin film form. We havevealed that the bulk

[Fe(HB(pz}).] as well as the thin film of this compound exhibit electrical conductivity,
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which is moderate on an absolute scale, but religtiigh in the family of spin crossover
complexes. Even more importantlye conductivity changes byca. 4 orders of magnitude

in the bulk solid and by ca. 2 orders magnitude irthe thin film when the material goes
through the first (irreversible) transition. This property together with the facts that this
thermochromic compound is stable to light, air avater encouraged us to build an active
element in ROM type devices, whehe writing processcan be performed by heatingthe
cell either by increasing the temperature of theleldevice or by passing a current (Joule
effect) at a given temperaturehe read out can be performed even at room temerata by

simple measurements of the resistivitpf the device.
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Chapter IlI: Optical investigation of Spin Crossove thin films by Surface
Plasmon Resonance spectroscopy

Utilisation of nanoscale spin crossover materiafgesents an extremely appealing approach
for the development of new tools for potential amgions, such as memories, switching
devices and sensors. However, the usual opticlaode (Raman spectroscopy for example)
devoted to investigate the SCO phenomenon becamigedi and inappropriate when one
reaches the nanoscale (thin film as well as natiofes). To overcome this limitation we
propose to develop alternative methods where sgnsibased on surface plasmon resonance
(SPR) detection of refractive index changes. Indasd result of the spin state change, SCO
complexes may display a large variation of thefiragtive index An = 10' — 10%) in the UV-
VIS-NIR rangel©nkoshi 05, Loutete-Dangui 07, Hauser 9h § hance the measurement of this change can
be applied to the detection of thermal spin crossdas a function of temperature). In
principle the measurement of the change of thisiehy property 4n) can be observed with

high sensitivity and accuracy even on very thingasiusing surface plasmon spectroscopy.

This chapter is organized as follows. First we adtrce the principle of attenuated total
reflection method based on the Kretchmann confitpmaand Fresnel equations for
determination of optical properties (thickness aefilactive index). Then we will study the

temperature dependence of the reflectivity of thetain(gold) substrate, which depends
mainly on the change of the thickness and the nuk&hbctric function. After that we will

carry outtheoretical simulations to predict the effect o thpin state change on the SPR
curves and to determine the optimal experimentalditmns. Finally we will discuss the

experimental results reporting the ability of SRRcharacterize thin films (thickness and
complex refractive index) and to provide a quatititadetermination of the high spin fraction
as a function of temperature. At the end of thiaptar we will summarize our work and

discuss the prospects of the feature research.
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[11.1 Theory and background

Attenuated total reflection (ATR) occurs at the critical angle where lightasgally reflected
at the interface. Resonance occurs at angles ldnger the critical angle by matching the
parallel momentums of the incoming beam with a Sfeleror a waveguide mode, depending

on the configuration of the layered structure.

I11.1.1 Evanescent wave

Before we discuss SPs in more detail, it may beapjate to define the evanescent wave,
which is so central in the concept of SPR sensiing simplest case for the existence of an
evanescent wave is the well-known total internBéction of a plane electromagnetic wave at
the base of a prism (refractive inde®y m contact with an optically less dense mediunthiw
n, < ). This geometry is schematically sketched in Rid.| If the reflected light is recorded
as a function of the angle of incidenéethe reflectivityR reaches unity as one reaches the
critical angle,f., for the total internal reflection (Fig.lll.1). Aloser inspection of the E-field
distribution in the immediate vicinity of the inface shows that abovg the light intensity
does not fall abruptly to zero in the less densdiume, but there is instead a harmonic wave
traveling parallel to the surface with an amplitudiecaying exponentially normal to the
surface.

The penetration depths given by:

Z. Sekkat 1996
I:Z}\\/(nlsine)z—l[ eidar 1996 (I11.2)
Tt

and found to be on the order of half a wavelendthight. This type of wave is called
evanescent wavé@his explains the interface sensitivity of the easgent field: only close to
the interface is an electromagnetic field preséwtefore, only a changing dielectric property

(e.g. a changing refractive index) in the vicirofythe interface will influence this field.
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Fig.lll.1: Total internal reflection of a plane wave at thesbaof a prism (left), and tt
reflectivityas a function of the angle of incide (right). The reflectivityncreasss to unity at
the critical angle for totainternal reflection.
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[11.1.2 Surface plasmons

Since itsfirst observation by Wood in 19("°° 1992 the physical phenomenon surface
plasmon resonance (SPR) has found its way intdipah@pplications i sensitive detectors,
capable of detecting subhenomolecular coveragHowever a completexplanation of the
phenomenon was not possiblintil 1968, when Ottol°™ ¢ and in the same year

Kretschmann and Raeth[érftschmann 6¢

reported the excitation of surfapsmons. This was
a breakthrough to a net@chnolog' that recently emerged and has been termed “Plass.
Plasmonics typically cover all plasmon phenomenepding bulk, surfac (wave propagates
along the surfacednd particle plasmo (localized to the particlel@® 88 Delocalized
surface plasmon polaritons(SPP, often called looselysurface plasmor’, SPs) which will
mainly concern us in this the are electromagnetic waves that propagate alongutiace oi
a metal, usuallya noble metal (such as Au, ACu, etc..). They are essentially light wav
that are bound to the surface by the interactioth whe free electrons of ttmetal. As a

result, the free electrons respond collectivelybgillating in resonance with the ht wave.

There are several approaches that all result i dispersion relation for an Slthat is a

relation between the angular frequeio and the wavevector kKere we adopt the approa

I[ Reather 88

of Raethe ] Raethe calculated the SP dispersion relation froirst principles, viz.

Maxwell's equationsvhich are given b
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Vv.D=0 VXE=—% (IIl. 2)
V.B=0 VxH = -2
ot

Here, E is the electric field andd is the magnetic field. They are related to thectele
displacemenﬁ and magnetic inductioB as:

B = Sﬁoﬁ
(111.3)

Wl
I

uptoH

whereg andgp are the dielectric constant (without dimension) #rel electric permittivity of
free space, respectively. and g are the magnetic permeability (without dimensiong ghe

magnetic permeability of free space respectively.

The solution of Maxwell’s equations for the electfieldE, in the case of plane waves, is
presented by the equation:

o i(i.?—mt)
E=T e (11.4)

whereE, is the electric field amplitude’ is the position vectorp is the angular frequency
(0=2 =f, f: frequency)t is the time, and is the wavevector, which is in the direction of the
propagation. The magnitude bfis given by:

|k|= /uuogegmz (111.5)

in vacuum (or in air as a first approximatioggl, p=1 andi =2znc/w, k=21/A=w/c, then:

¢ =1/ /1ot (111.6)
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The electron charges @metal boundary can perform coherent oscillatisiisch are calle
surface plasmon polaritonshese charge oscillations can be localized inz direction, and
accompanied by a mixed transversal and longitudéhedtromagnetic field th propagates
along the xaxis and vanishes iz |— on both sides of the metal/dielectric interfaced
has its maximum a = 0 (Figure 111.2). The plasmon waves hayecharacter because only

transverse magnetic plane waves (i.e. TM wavesheaapplied to excite SPF

SP
X ——) E

Fig.lll.2: The electromagnetic field of SPs propogating on idiase in the -direction and
the exponential dependence of the fie, on both +z and zsides are schematice depicted
in the image.

Considering the dielectrie{> 0, medium 1)/metale;, = €’ +i &", medium 2) interface, tr

electromagnetic fields on both sides are expreas
i(ky1X+kz1Z—wt)
Hi= (0,H,y,0) e
Z>0
i(ky1 X+kz1Z-wt)
Ei= (Exlf 0, Ezl) €
(1n.7)

i(ksz—kzzZ—(ut)
H2 = (O' HyZ' 0) e
Z<0

i(ksz—kzzZ—a)t)
Eo= (Ex2, 0,E;z) e

k«1 andky, are the wavevectc in x-directions and;; andk,, the ones along tfz-axis.

Considering the continuity relations of theplane components:

Exl= EX21 Hy]_ = Hy2 and kxl = kx2 = kX (l“.8)
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and inserting (111.7) into (l1l.2), together withl(.6) one obtains:

- kHy1 =+ % €1Ex

(1.9)
Together with the continuity relations (111.8), onbtains:
Kyile 1+ Kpoleo =0 (111.10)

This reveals that SPs can only exist at the interfaetween two materials that have dielectric
constants of opposite sign, e.g., a metal/dieledmierface. The wavevectork; can be

decomposed intky; andk;, together with (111.8), one obtains:

I + Ky = &1 (wlc) 2 (I1.11)

From (lll. 10) and (Ill.11) one yields the dispensirelation of SPs:

k :E( &1 J
- eAE e (111.12)

In the case of the dielectrie;(> 0, medium 1)/metal §; = &’ +i &, medium 2) interface,

and assuming,”" < | &;'| , the complex is expressed by:

Ky = ky +iky (11.13)
with
’I{.‘.l:g/ 8582' rJJ 2

c\g +¢&, (I11.14)
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) =
\E+et) 28" (111.15)
We should notice that the dispersion relation fsea photon in a homogenous dielectric is

kon= o/C ey (111.16)

which is always smaller than the wavevector of &Rhe dielectric/metal interfack, .

This is shown graphically as(kx) plots in Figure 111.3.

— e =
—

Fig.lll.3 : The dispersion relation of surface plasmons & thetal/dielectric interface and
the light linew = c.k.. wpis the plasma frequency.

Thew(ky) curve of SPs approaches asymptotically the dispeigirve of the free photon with
no intersection of the curves. Thus, SPs cannactlyr transform into light on a smooth
surface, i.e. it is a non-radiative wave. Anothemsequence is that, the SPs cannot be excited
directly by light, due to its insufficierkpn. In order to match the optical momentum at the
interface, experimentally there are two principaligling techniques to enhankg, namely,
the prism coupling and thegrating coupling [f2¢"®" 88l |n the case of prism coupling the
enhancement occurs if the projection of the wavierag/c Ve, on the x-axis matches the x
component okspatcertain wavelength of the lasegser (fig.Ill.4). That means, when light is
coupled into the SP mode via a prism; the wavevedtat describe both the light and the SP

are equal to one anothewgvevector matching. SPR cannot be achieved by the direct
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illumination of a suitable support surface withhlig Wavevector matching does not occur in

this situation because the light wavevector is gbvamaller than the wavevector that

describes the SP. The prism is used to increasdight wavevector so that wavevector

matching is possible. Equation I11.18 describes avavector, k which characterizes the

component of light propagating parallel to the rhstaface.

27 )
=—n Sin@
A7

X

[11.18

Here,d is the angle of incidence of the light with thetadesurface, pis the refractive index

of the prism, which is proportional to the squawetrof the dielectric permittivitg (within

the region of optical wavelengths), ang the wavelength of the excitation light.

w b

Maser

0=CK, =k
B, 8inG "
/ e
L e
ph @ =K
\ 5p 5p
¢ Coupling

—

Kk

Fig.lll.4: lllustration of the dispersion relation of free gtbns in a coupling prism and the
dispersion relation of non-radiative surface plasmmat the metal/dielectric interface.

We are dealing with the resonant excitation of apbed state between the plasma oscillations

and the photons, that is, “surface plasmon polasitoThis resonance phenomenon can be

clearly seen in the ATR scan (see fig.lIl.5).
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In the ATR scan, the incident light is totally esfted above a critical ancf¢c, and the dip in
the reflectivity curve abovéc (at ) indicate the resonant excitatioh SPs at the metal -

interface The coupling angle depends on the resonancetamér SP waves, and the stu

of the resonance angles alls for the accurate determination of the optical thiess

(refractive indexx thickness) of thin coatings SPgSekkat %€l

AN ! R 4
Detector /

e

Glass prism

v

Metal Oc 0, 0

Fig.lll.5: ATR setup for the excitation curface plasmons in Kretschmageometry. Left: a
thin metal film (thickness 50 nm) is evaporateonto the base of the prism and acts ¢
resonator driven by the photon field, aright: the resonant excitation of the surface plasr
wave is seen in the reflectivity curve as a shappatl coupling angl®,,

[11.2 SPR modeling with Fresnel equatior

[11.2.1 Theories

Fresnel equationgan be used to predict reflected and transmittgdi intensity from
multilayered structuresTo obtain the expression fcthe amplitude of the reflection
coefficient for ppolarized incident beam-layer models are considergfeeoc00. cupta0sl The
layers are assumed to be stacked along-axis. The arbitrary medium layer is defined
thickness d, dielectric constandy , permeability , and refractivendexn . The tangential

fields at the firsboundary Z = ;; =0 are related to those at the final boundary .1 by:
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where U and \4, respectively, are the tangential components eftet and magnetic fields
at the boundary of first layer.JJ, and -1 are the corresponding fields at the boundary of

the Ny layer. Here M is known as the characteristic madfithe combined structure and is

given by:
ﬁMk =(Mll MIZJ
= MZl M22
with
w = CosA  CisinB )k,
‘ -iq, sin B, cosB,
where
vz 2 2 1/2
_ & —Nn-sin“ @
Ok —{—k} cos6, _(& mnsin'6)
&y &
and

2

27T V1o .
,Bk :Tnk COSHk (Zk_ 4 )= 1 . @k_ rf' Slﬁgl jlz

The amplitude of the reflection coefficient for ptarized incident wave is given by:

r = (M11+ MquN)ql_(M21+ M zzch)
P (M11+ MquN)q1+(M21+ M 220N)

Finally, the reflection intensity for p-polarizedit is

_ 2
Rp—‘rp‘.
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[11.2.2 Simulations at fixed temperature

The Fresnel SPR model described above was usealdolate the effectsf film thickness
and refractive index of a SCO layer on SPR sigraisductionThe model was originally
designed to work with a fixed wavelength and mothdaangle of incidence or a fixed angle

of incidence and modulated wavelength.

In general the SPR response curve is affectechéychoice of metal due to the inherent
optical properties of the material. For a givensseg system silver exhibits a sharper angular
resonance peak than gold and provides a more presgasurement of the coupling angle

(Figure 111.6). Silver is also less prone thandyt refraction losseg2e" 88l

1,0

0,84

Silver

S, 064 Gold
h—
=
=
(&)
Q
T 04
x

0,24

0,0 r v r v r v r v r v

0 20 40 60 80 100

Incident angle

Fig.lll.6: Theoretical SPR response curve of silver (n*=0A398i)/air and gold
(n*=0.197+3.09 i)/air interfaces. The mettdlickness considered in this simulatisrb0 nm.

The different widths of the resonance peaks aretdube intrinsic damping of the surface
plasmon oscillations on the metal films. The bedtdator of the degree of damping that will

be observed experimentally is the magnitude ofrtiaginary part of the permitivity value of
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the material. Damping increases with larger imagimkelectric values. Gold and silver have
imaginary dielectric values that are 20 times lowam any other support metal, with silver
having a slightly lower value than goff* "°™® %I Hence, these materials are the best SP
support metals available and are the most commaseyg.Although silver exhibits better
optical properties for coupling light into the SP node, it is not always the best support
surface for sensing applications. Silver is chemically tab$e (more reactive than gold) and

care must be taken to use it in the experiment.

The metal film thickness to properly optimize tHeRScoupling has been a subject of intense
studieg® °BInger %31 The gptimal thickness to support SPR has beedm dqterimentally and
theoretically determined to lie in the range of@D+ym. As the film thickness increases, the
depth of the resonance peak decreases, indicatthged coupling efficiency of light into the
SP mode on the film. This is due to the fact theg film essentially begins acting as a
reflectance plane when its thickness increasespoird where light cannot couple into the
surface charge oscillations that make up the plasmode. Very thin films (e.g. 20-30 nm)
result in more coupling into the SP mode, but priareomuch wider peak width due to light
scattering, reducing the sensitivit% metal film thickness of 50 nm typically yields tfe
most desirable resonance peak8%™e" 8! wjith a thickness of ~50 nm (silver or gold) the

losses caused by absorption and scattering arenfiatimized, thus increasing sensitivity.

Another important issue is the thickness of thdedigic (spin-crossover) material deposited
on the metal. In the simulated curves of figure/lie studied the SPR response for different
thicknesses in a Au/Ti/ SCO system. We supposeged thickness (ranging from 1 to 65
nm) of the SCO deposit on gold-titanium coated gklgles (5 nm titanium, followed by 50
nm gold). The refractive index of the SCO film vassumed as n* = n + ik, with n = 1.6 and
k = 0.06, which is typical for these type of compds. The refractive index of the SCO thin
film used for the simulation is obtained experinadigt from the SPR measurements (see

later), and the metal’s refractive index was olgtdifrom literature datgf™active index data base]
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Fig.lll.7: Simulated curves showing the effect of the thekiéthe SCO film on the SPR
signal on the multilayer system: prism/Ti/Au/SC©/ai

Plotting the SPR minimum shift versus the film &riess for the system, we can say that SPR
is very sensitive to the SCO film thickness chanbeerefore from a SPR scan one can
determine accurately the film thickness. As carséen from the figure above, the resonance
curve shifts to a higher resonance angle and bezamech wider when the SCO film

thickness increases. The broadness observed & thicknesses is due to losses in the

compound.

The effect of refractive index change on the SRRaihas been also simulated (figure 111.8,
figure 111.9). Due to the clear sensitivity of tmefractive index either in reaB§ degrees /
RIU, where RIU refers to refractive index unit) or giraary part on the SPR signals, these
theoretical spectra allowed an assessment of tpécability of the model to predict the
occurrence of spin transition or sensor responsedan refractive index changes. In this
theoretical study we supposed a 30 nm thick laye@O compound deposited on gold-
titanium coated glass slides (5 nm of titaniumioieked by 50 nm of gold).

As expected the SPR signals is relatively lessisemg7.2 degrees / RIU) to the refractive
index change, when one assumes a system with rmeth8CO layer (10 nm) deposited on 50

nm of gold (see figure I11.9).
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Figure.lll.8: Simulated urves showing the effect of the change of refradtidex, real part
(right curves) and imaginary part (left curves) e SPR transduction signal; assuming 30
nm of SCO layer deposited on 50 nm of gold.
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Figure.lll.9: Curves showing the effect of the change of refradcimdex, real part (right)
and absorption coefficient (left) on the SPR trardobn signal; assuming 10 nm of SCO
layer deposited on 50 nm of gold.

[11.2.3 Temperature-dependent sensitivity of surfae plasmon resonance
spectroscopy at the gold—air interface

In this section we will study the temperature dejgrce of reflectivity, which depends
mainly on the change of the thickness and the ndi&éctric function as a function of
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temperature. The variation of the optical constamth temperature for the glass prism is
completely negligible in comparison with that fketmetal film. For simplicity, we start by

adopting the Drude model:
€=1- mpz/[w(m + io¢ )], wherea, is the collision frequency and, is the Plasma frequency

given by:

i /4nNe?
D = \r

m"

with N and m*the density and effective mass of the electrorspeetively. The collision
frequency will have contributions from both phoneleetron and electron-electron scattering:
W= 0 p +Oce. As reported in reff"@9 %l for a resonance phenomenon like SPR, one must
account for the temperature (T) variationugfbesides that fom.. The plasma frequencyy)

depend on T via a volumetric effect as folld@&"? %

p= wpo[L+y(T - T ™2,

wherey is the expansion coefficient of the metal andsTthe reference temperature taken to
be the room temperature. can then be modeled using the phonon-electronestcagtmodel

of Holstein MM 54 and the electron-electron scattering model of leaoe -2"rence 7°]

respectively. We thus obtain:

wc o(T) = wo[2/5+4(TH)%" Z*dz /(-1)],

wheref is the Debye temperature amglisa constant to be determined from the static lirhit o

the above expression together with the knowledghefl.c. conductivit§*cka 76 Beach 771

In addition, we have:

wee (T) =1/12 * B TAMKE ¢ *[(ksT)? + (hw/2 ©)°], wherel andA are constants giving the
average over the Fermi surface of the scatterirapaiility MeKay 76 Lawrence 76] Thage
equations together describe completely the temperatependent dielectric constant of the

metal.
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To predict numerically the temperature effect oa #ensitivity of the SPR measurement
(Figure.lll.10), we have considered a thickness of 50 rmAw thin film at three different

temperatures (278, 298 and 323 K) and we usedrthdation parameters given in table.lll.1.

Gold (Au)
Plasma frequency at room temperatule3754x 16° rad/s
©po
Thermal expansion coefficient 1.42x10° K™
Debye temperature 170 K
Fermi energ\E¢ 5.53 eV
®o 2.0477x 16’ rad/s
A 0.77
r 0.55

El'ﬁlble.llll.l: Parameters used for the numerical simulation of tdraperature effect on SPR
Sharma 06
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Figure.lll.10: SPR reflectance (R) curve changes with temperaftrdixed incident

wavelength A= 633 nm) and at a fixed gold film thickness (d=Bfh at room T). The
resonance angle shift with temperature is negl@giblthis temperature range (278 — 323 K).
From the curves oFigure.lll.10, we notice thathe effect of temperature on the incident
angle-dependence for surface plasmon resonance aetgold-air interface is a relatively
minor shift of the plasmon resonance angleThis result agrees qualitatively with those
obtained in referenc&™a"9 0. Chiang 041 Note that we have here considered a wide range of
temperatures (278-323 K) which is realistic for experimental investigation of the SCO

phenomenon in thin films.

[11.2.4 Theoretical simulation of the effect of thespin transition on the SPR signal

In order to predict the effect of the spin statargie on the SPR curves and to determine the
optimal experimental conditions, we have carrietdatheoretical calculation (See Fig.lll.11)
assuming that the refractive index of the SCO finanges byAn = 0.2 andAk= 0.08. It
turned out that the spin transition results easily measurable resonance shifts (0.29
degrees) even in an ultra-thin layer (3 nm) of SC@omplex The experimental validation

of these results will be discussed elsewhere (sedti.4.2).
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Fig.lll.11: Calculated angular reflectivity SPR spectra of altitayer comprised of a gold
film and a thin film of a spin crossover comples End LS stand for High Spin and Low
Spin, respectively. Excitation: 633 nm, BK7 prisovered with a gold layer (50 nm,
n=0.1971, k=3.0899) and with a thin film of the rspcrossover complex (3 nm,
n=1.4(HS)/1.6(LS), k=0.04(HS)/0.12(LS)) in air.

It should be noted that if one takes into accohatthickness change upon the SGG% as

a typical value), the SPR transducer signals s $essitive to the SCO and we calculate 0.08
degrees shift upon the SCO (see figure 111.12). i@isly when the sample thickness becomes
higher, the angle corresponding to maximum SPR leaypends to shift to the higher value

and this compensates for the effect the refradtisiex change.

129



Chapter IlI: Optical investigation of Spin Crossove thin films by
Surface Plasmon Resonance spectroscopy

0,8

1 —S
0,74 —HS

A

0,54

0,44

Reflectivity

0,3 -

0,2

0,1-

O,o L ' L ' L ' L ' L ' L ' L ' L
30 35 40 45 50 55 60 65 70

Incident angle

Fig.ll1.12: Calculated angular reflectivity SPR spectra of altifayer comprised of a gold
film and a thin film of a spin crossover compleswaing 5% film thickness change upon the
spin transition (thickness (LS) = 3 nm, n=1.6(L8)0.12(LS); and thickness (HS) = 3.15 nm,
n=1.4(HS), k=0.04(HS)) in air.

We carried out another theoretical simulation assgrthat the first layers at the surface do

not undergo spin transition (see figure 111.13). ¥¢gpposed three configurations:
1) The whole film in the HS state (20 nm).

2) Multilayer where no ST occurred at the surface rif@t of a thin film in the LS state

sandwiched between twayers of 3 nm which remained in the HS state).

3) The whole film in the LS state (20 nm).

From figure 111.13 we can conclude that the SCO distectable by surface plasmon

spectroscopy even in an ultra-thin layer and evemaltilayers.
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Fig.111.13: Calculated angular reflectivity SPR spectra of atitayer assuming that noCO
occurred at the surfacgHS + LS 1 HS).

[11.3 Experimental setup

Using Kretscmann’s configuration, theriin general two possibilities to build an SPR se
The first possibility is to measure at a fixed wiangth the reflectance as a functionthe
incident angle by using a scanning rotational s!¢ W@ 82lgr 3 photodiode array in
compact system having no moving part (based oni&otnansformer)-Maisubara 88 Theq
second possibilityis to measurethe reflectanceat a fixed angle as a function of t
wavelength (modulated wavelenc [ e 881 |n our case, face plasmon spectroscoj
(SPR) measurements were carried on a custom madéxed wavelengthset-up. Gold-
titanium coated glass slides (5 ttitanium, followed by 50 nm gold vacuum evaporatatbc
a microscope slide) weresed for reflection measurements. The uncoatedodithes slide wa
brought into optical contact with the base of amilderd right angle prism (BK7) by ¢
index matching oil. A monochromatic laser light befrom a HeNe laser (632.8 nm) w:
first passed through a neutral density filter to adjostlaser intensity, and then a -wave

plate to be able to set TM polarization. Afteat, the beam is split by a beisplitter into two
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beams; one of which serves as a reference, wielettier beam was directed to the base of
the prism which was mounted on a stepping motoe. iltensities of both beams are detected
by separate photo-detectors. The reflected ligatrbehich emerged from the lateral face of

the prism was collected for incidence angles rapd@iiam 35° to 60°. The incidence angle is

controlled by a goniometer with an angle resolutdr0.01°. Both photo-detectors and the

goniometer are connected to a computer to run xiperanent using a C++ program (see

figure 111.14).

Lock — in amplifier

— |
| § Photodiode
— 3
Témperature contoler 2
Qi Lens
A2
|‘| ﬁ He-Ne laser
Chopper Beam .
. polarizer
Splitter

Mirror
Goniometer

b

Motor steering

PC

Fig.lll.14: SPR setup based on the Kretchmann configuration.

To this setup, we added a sample heating / coslystem using a Peltier element which have
a hole in the center (to keep the air as the ladedatric layer). The temperature could be
adjusted by connecting the Peltier element to @robber, or directly by passing the electrical
current through the Peltier element. The tempegattas measured with a thermocouple (type
K) sensor connected to the sample via the Pelt@e. hUsing this setup, the sample
temperature can be changed from + 10 to + 70 °C.

The substrates used for the thin films growth wéabricated at the “Laboratoire
d’Architecture et Analyse de Systemes” (LAAS, CNRS)loulouse. Initially a microscope

glass slide was covered by 5 nm of titanium andnB® of gold deposited by thermal
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evaporation at a pressure of 5X¥1fbar (1 mbar = 100 Pa) using a Veeco 770 thermal

evaporator apparatus.

Concerning the deposition of SCO thin films, difflet thicknesses of the compound
{Fe(pyrazine)[Pt(CNj]} were elaborated by Carlos BARTUAL in our teamngsa layer-by-
layer assembly methotf°™ % First, the anchoring layer (asymmetric ethyl-figyl)
disulfide) was deposed on the gold-titanium coajebss slide in order to allow the link
between the gold substrate and the SCO compounduw#a and N-Fe bondgfter that, the
substrate was dipped into a solution of Fe(ll) EPCN)]* salts and finally into a pyrazine
solution with intermediate rinsing in pure ethasolutions. This cycle (immersion into the
three solutions) can be repeated several timedascdon of the desired thickness. Schemes
.16 and I11.15 represent, respectively, the filmowth process and the experimental

conditions for the elaboration of the thin films.

Fig.l11.15: Experimental conditions of the deposition of tlayers of the SCO complex
{Fe(pyrazine)[Pt(CNj]}.
The Fe(pz)[Pt(CNy] thin films were characterized by atomic force microscopy (ARWth a
Nanoscope Il instrument (Veeco). AFM scans weefggmed in air at room temperature at 1

Hz rate in the tapping mode.

133



Chapter IlI: Optical investigation of Spin Crossove thin films by
Surface Plasmon Resonance spectroscopy

[11.4 Results and discussion

[11.4.1 Thin films investigation

The resulting {Fe(pyrazine)[Pt(Cl) film surfaces were characterized by atomic force
microscopy (AFM) and by surface plasmon resonaiée.used surface plasmons (SPs) to
evaluate its applicability to investigate the SC@®emomenon by measuring the optical
thickness and refractive index of the {Fe(pyraZiR§CN)]} layers at room temperature
(296 K).

The measurement was performed in three steps.viirsibtained the total internal reflection,
which can be helpful for the alignments and datavatization. The second step is to scan the
four-layer system: prism (BK7), Ti layer (5 nm),|ldanetal layer (50 nm) and air. This
second step is used to confirm the refractive iegliand thicknesses of the layers which are
already known; and also to simplify the simulatiorthe final step by inserting directly these
parameters into the model described in IIl.2. Thiedtstep is to scan the whole system
including the {Fe(pyrazine)[Pt(Ch} SCO layer. As the response curves indicate l{fid6),
there is an increasing trend toward larger SPR leuypngles as the thickness of the sample
increases. The peak shapes are similar for eatieaamples except the curve obtained for
15 deposition cycles. The broadness of this curighinibe due to slight losses in the sample.
All the parameters extracted from the Fresnel #tezal fits of the reflectivity versus the
incident angle curve for the bare titanium/goldface (reference sample) and the various
thickness depositions are reported in Table ITt2e thickness values of 4.8, 6.5 and 15.0 nm
obtained for 5, 10 and 15 layers of the polymespeetively, are in close agreement with the
theoretical thickness. Indeed, considering on oaedh thec parameter of the unit cell
measured by X-ray diffraction for a {Fe(pyrazingf[BN)]} single crystal®®® %®lof 7.5 A
which corresponds to the thickness of one layethef3D coordination polymer and on the
other hand, the thickness of about 1 nm for thdariieg layer between the gold substrate and
the 3D polymer, the theoretical thickness valuebfd.0 and 15 deposition cycles are 3.9, 8.5
and 12.3 nm, respectively.
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Figure.lll.16: Surface plasmon resonance of the glass/Ti/Au matbdtefore (indicated by 0)
and after coating with {Fe(Pz)[Pt(CLJ} layers (indicated by 5, 10, and 15 corresponding to
the number of deposition cycles). Scatters are r@xeatal data points acquired in ambient
conditions and the full lines are Fresnel theoratifits.

SPR AFM
Layer thickness n Kk thickness
(nm) (nm)
Prism (BK7) - 1.5189 0 -
Ti 5% 0.2 2.22* 0.02 2.92+ 0.01 -
Au 50 £ 0.2 0.17% 0.02 3.1 0.01 -
{Fe(pyrazine)[Pt(CNyj|}
5 deposition cycles 48 * 0.2 16 £ 0.02 | 0.06* 0.01 3.8 0.7
10 deposition cycles 65+ 02| 16 * 0.02 | 006* 001 | 8 % 2
15 deposition cycles 150+ 0.2 | 1.6 * 0.02 | 0.07+ 0.01| 12 * 2
Air - 1 0 -

Table.lll.2: The fitted geometrical thicknesses as well as ¢la¢ (n) and imaginary (k) parts
of the refractive index of the different {Fe(pyrs&[Pt(CN)}]} multilayers determined from
the SPR measurements. The corresponding AFM datalso shown.

135



Chapter IlI: Optical investigation of Spin Crossove thin films by
Surface Plasmon Resonance spectroscopy

The results obtained by surface plasmons agreajais® well with those obtained by atomic

force microscopy; e.g. the layers thicknesses obetaseparately by both techniques are the
same within experimental errors. Continuous filmsrevused to evaluate the average
roughness of the surface while the study of theéesponding patterned films provides an

efficient way for measuring the average film thieka by AFM. A homogeneous and regular
surface with a calculated roughnesscaf 0.7 nm can be observed (fig.lll.17). The mean
value is obtained within a m?® surface from 512x512 data points. Similar surface

topographies were obtained when 5 - 15 deposityoles were realized.

20.0 nm

T 1
0.0 1: Height 1.0 pm

Fig.lll.17: AFM images of a continuous film following 20 defosicycles

Figure 111.18 shows the AFM images of patternedntfiilms for different numbers of
deposition cycles. In these images, residual artefare present on both the surface of the
film and that of the gold substrate as well. Thesgespond to impurities deposited during
the final lift off step. The study of the film tlkness was carried out by considering the whole
area inside the dashed lines including large patéseverapim?). The mean value of the
thickness was obtained as the peak-to-peak distagiveeen the two maxima of the surface
height distribution histogram obtained within tlaigea; the reference peak corresponding to
the bare gold surface. The mean thickness meashisediay was 3.8, 7.9 and 12.3 nm for 5,
10, and 15 deposition cycles, respectively. Themreaghness- defined as the half-height
half width of the peak in the height distributioistograms - within a 4im? surface was

found 0.7, 1.8 and 1.9 nm, respectively.
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Fig.l11.18: AFM images of micrometric patterns of {Fe(pyrazjR&)CN),]} for 5, 10 and 15
deposition cycles. The right panels show the halgitibution histograms for the area inside
the dashed lines in the images.

Besides the thickness investigation, the surfacesmpbn experiments yield, when the
geometrical thickness is known, the refractive mdad the losses in the layers. We have

found that the refractive index at room tempera{@@6 K) is about 1.6 + 0.02, whereas the
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absorption coefficient is negligible at 632.8 nras@r wavelength). These last results reveal

that the films are of good optical quality.

[11.4.2 Investigation of nanopatrticle layers

To achieve our ultimate goal, which is the invedign of the thermal spin crossover
phenomenon on thin films, we have spin coated namiofes of the compound tris (4-hyptyl-
1,2,4-triazole) iron(ll) tosylate on the typicalbstrate for SPR studies (glass + 3 nm of Ti +
45 nm of Au). The [Fe(hptrg(OTs), SCO nanopatrticles were synthesized by I.A. Guyalsk

in our team.

Figure.lll.19 showgT vs. T dependence for the [Fe(hpalifDTs), bulk sample during the
first and second thermal cyclesgtands for the molar magnetic susceptibility). Tia@asition
temperature 1, shifts from 310 to 300 K and the hysteresis loopobges smaller after the
first cycle, which could be related to the dehyrabf the sample.
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Figure.lll.19: Temperature dependence,df for [Fe(hptrz);](OTs), bulk sample during the
first (m) and secondq) thermal cycles. During the first cycle a dehydratoccurs in the
sample.

138



Chapter IlI: Optical investigation of Spin Crossove thin films by
Surface Plasmon Resonance spectroscopy

Before starting the SPR studies and in order toemaltre that these deposited SCO
nanoparticles as a thin film retain the SCO propgrtwe have carried out a series of
temperature dependent UV-VIS absorption measurenwdraca. 85 nm SCO thin film. (The
film thickness was measured by AFM.) The spin titéors occurs around 325-330 K (figure
[11.20) and it is almost complete at 340 K as ihdse deduced from the negligible absorption
intensity at 280 nm. This intense absorption peak8® nm in the LS state is assigned to
metal-ligand charge transfer. Let us note also tiatexpected LS absorption pedk (1)

in the visible region was not detectible due toltve value of molar extinction coefficient for

this forbiddend-d transition. The observed hysteresis occurs malag/to the dehydration of

the sample.
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Figure.lll.20: Variable temperature absorption spectra of a [Fe(hp](OTs) SCO thin
film in the UV range and the temperature dependesfcihe absorbance at 282 nm in the
heating and cooling modes.

Wavelength (nm)

Figure 111.21 shows the SPR response signal offHe¢hptrz}](OTs), SCO thin film at 308
and 343 K.
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Figure.lll.21: Surface plasmon resonance of the spin-coated [FeBl{OTs), SCO thin
film on glass/Ti/Au substrate at 308 K (LS) and B4@3S).

As it was predicted theoretically, the SPR resoasasttfts to lower angles when the SCO
complex is switched from the low to the high spiaites. As shown in figure Figure.lll.21 the
SPR minimum angle shifts from 53.28° (at 308 Kh296° (at 343 K) indicating a refractive
index change ota. 0.05. The optical parameters obtained by the Etdbteoretical fits are:
nis = 1.57, ps = 1.52, while the film thickness was evaluated&a$0 nm.

Figure.lll.22 shows the temperature dependencé@fIPR resonance angle in the heating
and cooling modes for the [Fe(hpgltPTs), SCO thin film. A linear thermal variation of the
resonance angle is observed in the temperatures nahgre no spin crossover occurs. This
variation is related to the thermal dilatation bé tsample and the associated change of the
refractive index. The thermal SCO of [Fe(hpif)Ts), is characterized by an abrupt
transition around T= 325 K. The observed resonamgge shift ¢a. 0.12°) associated with
the SCO is reversible. Similar to the absorptiorasaeements, the small difference in the
heating and cooling curves can be explained byd#teydration of the sample. Therefore
measurements in a closed chamber with controllembsphere (dry B will be necessary in

order to draw more quantitative conclusions. Thiskais under progress.
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Figure.lll.22: Temperature dependence of the SPR resonance antjle heating (red) and
cooling (blue) modes for a [Fe(hptgfOTs), SCO thin film. The arrow indicates the
resonance angle shift associated with the spinsomesr phenomenolgco= 0.12°).

[11.5 Conclusions

This chapter confirmed the potential of the SPRnéque to investigate the spin crossover

phenomenon in thin films.

In the first part of this study we introduced th@piple of attenuated total reflection method
based on the Kretchmann configuration and Frespetteons for determination of optical
properties (thickness and refractive index). Themthtical simulations allowed us to optimize
the geometry of our gold resonator and revealedthigantrinsic temperature dependence
of the SPR signal from this prism-based gold resomar is negligible in the temperature
range of interest. On the other hand these sinomisifpredicte@ very high sensitivity of the
SPR techniqueto detect the SCO phenomenon even in ultra-thim{Bfilms.

In the second part of this study we used surfa@snpbn resonance spectroscopy to
investigate {Fe(pyrazine)[Pt(Cl} thin films. This investigation allowed us tdetermine

the optical thickness of these filmsMoreover we found that the films are of good gyal
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and the results of both SPR and AFM experimentsnageod agreement with the theoretical
predictions of the films thicknesses. The spin soesr in these {Fe(pyrazine)[Pt(CJ})
films is expected to occur at temperatures whiah rast accessible with our experimental
setup for the moment. For this reason we have dddid validate our approach using thin
films (50 nm) of the [Fe(hptrg)(OTs), complex, which display spin crossover above room
temperature. Using this samplee were able to observe — for the first time - théhermal
spin crossover phenomenon by means of SPR spectrogyg. This work is still under
progress in order to be able to use our experirheatap under a controlled atmosphere. This
development should allow us to carry out more ateumvestigations as a function of the

films thickness and other parameters (presencéfefeht gas and vapor molecules, etc.).
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IV Conclusions and perspectives

The aim of the present work was to investigate ekectrical and optical properties of
switchable molecular complexes - such as spin ox@ssor valence-tautomeric compounds -
in which a switching between two electronic statas be induced by various external stimuli
(temperature, pressure, magnetic field, light, .Recent studies revealed that such
compounds are expected to show an important vamiaif their dielectric constant)(in a
wide frequency ranged — £.). The objectives of our research were inspiredhis/property

and - in the context of this thesis - two main goes were proposed:

- Is it possible to use an external electric figldswitch the properties of bistable molecular

complexes?

- Can we use the variation of the complex perniiftiye*) to investigate the switching

phenomena in these complexes at the nanometrigscal

Concerning the first question, we have focused alence-tautemeric complexes exhibiting
charge transfer phase transition phenomena (RbMariee NaCoFe type Prussian blue
analogues as well as a Co-W bimetallic complex). péeformed a detailed Raman
spectroscopic study on three different valencestaetic compounds under an applied
external electric field. One of the most importantcomes of this work is thate have been
able to provide experimental evidence for a new tygof electric field-induced transition

in these compoundswhich occurs around room temperature within thenta¢ hysteresis
region. We have shown that this EFI transition safkace always from the high-temperature
phase towards the low-temperature phase. We prdpmsaechanism for this phenomenon
where the field-induced stabilization of the lownigerature phase was related to a

paraelectric-ferroelectric transition.

An important prospect of this work on the valenaetémeric complexes would be the further
investigation of the mechanism of the field effesing microscopic and structural probes
such as X-ray diffraction. Furthermore, for the laggtive aspects, the synthesis of thin films
of these materials exhibiting thermal hysteresisildde also highly desired.
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In the context of the electric investigations, wavd also carried out a detailed investigation
of the charge transport properties of the valeacéemeric complexes with the aim to
understand the charge transport mechanism andi¢aate the interplay between the charge

transport and the valence-tautomerism:

- We observed a charge transport typical of disodisodids and we concluded that the
charge transport occurs in these compoundsrall poalron hopping which we
assigned to the intermetallic electron transfer A dipole relaxation process
displaying the same thermal activation energy ascthnductivity has been observed
in each case. As an interesting future perspecine,should underline that this
property opens up a very efficient possibility tetefmine inter-valence electron
transfer rates in these compounds in a wide frequeange (mHz to MHz) using
frequency-domain dielectric spectroscopy, instefati@ usually applied lengthy time-

domain methods (pump-probe optical spectroscopy, ...

- We have shown thdhe transition between the valence-tautomeric formsloes not
modify the charge transport mechanism and modulatesonly slightly the
conductivity and thus the dielectric relaxation rate. (The &gihvariation of
conductivity - ca. one order of magnitude - was observed for the Rbdiype
Prussian blue analogues.) On the basis of the peapdransport mechanism, the
relatively small conductivity changes were relatedthe variation of the phonon

frequencies upon the valence-tautomeric phaseiticans

We have also investigated the electrical propertidsthe spin crossover complex
[Fe(HB(pz}).)]. Remarkably, the electrical conductivity of tsample measured at 293 K
dropped by 4 orders of magnitude following thetfirermal cycle through the spin transition.
This property, together with the fact that this gmund can be deposited on surfaces by
sublimation, allowed us to construct ROM-type microelectronic device with the
[Fe(HB(pz})2)] complex as an active element. Information igesdan the device by heating
the complex and thus switching the device fromfilgh to the low conductivity state. The

readout can be performed at room temperature bgumeg the resistivity of the device.
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Concerning our second objective, we developed &lnapproach for the detection of spin
crossover in nanometric thin films where sensindased on surface plasmon resonance
(SPR) detection of refractive index changes infilnes. Indeed, the conversion between the
electronic states of the molecules is accompanyed large variation of the refractive index
(An = 10" — 10 in both spin crossover and charge transfer coxegléVe demonstrated
theoretically as well as experimentally that thesehanges in terms of refractive index
(dielectric constant) can be easily detected by dace plasmon spectroscopyJsing this
technique we have been able to determine the tegskand the optical constants of ultra-thin
films of the {Fe(pyrazine)[Pt(CN)} complex at room temperature. In the case ofia tim

of the [Fe(hptrz](OTs), complex, we have determined the optical thickridge film in a
wide temperature range and we could clearly evidé¢he thermal spin transition around 325
K.

The SPR spectroscopy appears thus as a powerfhbthéd investigate our materials even in
the case of very thin films (down to 2-3 nm) usitng angular SPR shifts as a signal
transducer. The results reported here represemhaortant step towards the investigation of
size-reduction effects on the physical propertiédistable molecular materials and thus
bridging the gap between the molecular and bullknphena. Moreover, these results open up
prospects for integration of these materials intphic devices with the aim of their possible

applications as memory devices, switches and sgnsor
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1)  Introduction générale

De nos jours, les demandes technologiques en téenmeiniaturisation de composants telles
gue les capteurs, les dispositifs pour I'électrarieget I'optique stimulent de plus en plus
l'activité scientifique des laboratoires a I'éclkeelmondiale. A cet effet, les matériaux
moléculaires bistables semblent prometteurs danpelspective de telles applications.
L’adressage et la détection de la bistabilité dzess matériaux a I'échelle nanométrique est

une étape incontournable dans la conception delisgssitifs.

Dans ce contexte, le phénoméne de la transiti@puleconstitue un exemple typique de cette
voie d’'une actualité grandissante. Il est posdilales ce cas de commuter le systeme entre ses
états de spin haut et bas. Un autre exemple astded tautoméres de valence dans lesquels
la commutation est liee a un transfert d’électrba. bistabilité dans ces matériaux peut
présenter des cycles d’hystérésis de la suscefgtimbgnétique, de la réflectivité optique et
de la constante diélectrigifgusseksou 03. OhkoshiOgy,5 3 |a présence d’une transition de phase du
premier ordre liée a une forte coopérativité d’'mgmagnéto-élastique. Cela laisse entrevoir
des applications telles que les dispositifs dekstge d’information dans le matériau, les

dispositifs capteurs ou actionneurs a I'échellegndglaire.

Le phénoméne de transition de spin (ou de transiertharge) peut étre induit par une
variation de température, de pression, de chammétiage ou une irradiation lumineuse. Il a
été montré que le phénomeéne de transition de spiih §re mesuré par une variation des
propriétés électriqgues, ce qui laisse entrevoir dpplications basées sur une lecture
électrigue. Dans le cadre de ces travaux de thésis, souhaitons étudier en plus la possibilité
d’induire ces transitions par I'application d’'unachp électrique. Ainsi, I'écriture et la lecture
pourraient étre tout électrique. Outre son intpaetr des applications potentielles, I'étude des
matériaux bistables de tailles nanométriques dmestin enjeu majeur du point de vue
fondamental : I'objectif est de comprendre les teffgpécifiques liés aux objets de petites
tailles. Par exemple, dans le cas des complexemsition de spin, une des questions les plus
importantes est de savoir comment la réduction ailée tinfluencera sur la largeur de

I'hystérésis observée a I'échelle macroscopiquesiague sur I'établissement méme du
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phénomene via les processus coopératifs. Pour regsten la spectroscopie des plasmons de
surface a été choisie pour suivre le changemetiindéce de réfraction lors de la transition
de spin (liée aux changements de la constantecttiéjae).

Ce manuscrit est structuré en trois chapitres :

- Le premier chapitre expose une introduction géleésur les systémes bistables tels
gue les complexes a transition de spin et les maetes de valence et les différents
perturbateurs externes (température, pression, gmaagnétique, irradiation lumineuse) qui
peuvent induire une transition de spin ou une it@nsde phase ainsi que les méthodes
expérimentales pour détecter la transition de dpé@tat de I'art sur la réduction de la taille de

ces matériaux sous formes de couches minces etraarticules est également introduit.

- Le deuxieme chapitre est consacré aux etudesriglezs. Nous proposons pour la
premiére fois l'application d'un champ électrigigeme pour induire une transition de phase
dans les complexes tautomeres de valences. Ergmralous allons étudier le transport de
charges et les propriétés diélectriques de ces lexeg Nous allons également proposer un
dispositif de mémoire non-volatile pour le stockatge I'information en se basant sur le

changement de la résistivité qui accompagne Iaitran de spin (TS).

- Dans le troisieme chapitre nous allons introdde@ephénoméne de résonance des
plasmons de surface (RPS). Nous allons démontéerituement et expérimentalement que
la RPS est une méthode performante pour déterrfimdice optique des films ultra - minces
et détecter la TS.

Enfin, nous conclurons ce manuscrit en rappelantphincipales avancées que nous avons
apportées aux différentes questions abordées puis proposerons quelques perspectives de
recherche.
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II) Introduction & la bistabilité moléculaire

I1.L1) Le phénomeéene de la transition de spin

Certains métaux de la premiére série de transitlergonfiguration électronique 3¢(4< n <

7) peuvent exister dans deux états électroniquddest selon la force du champ cristallin :
I'état HS et I'état BS. Pour ces systemes, I'effetn champ de ligand octaédrique provoque
I'éclatement des niveaux d’énergie des orbitalddéténérés dans le cas de l'ion libre) en
deux niveaux d'énergie : un premier niveau comporti@is orbitalesat non liantes dyy, d,,

d;y) et un second composé de deux orbitajeargiliantes(d,,, diz-.y2). Ces deux niveaux sont
séparés par un éclatement 10 Dq, caractérisanrda flu champ de ligand. Cet éclatement

dépend de la nature de I'ion et des ligands guaiderent.

10DgPs
e ¢
lon libre M>10Dq M<10Dq
S=2 S=0
5T 1A

29 1g

Figure.2.1 : Levée de dégénérescence et configuraiectronique des états HS et BS dans le
casd’un complexe octaédrique du'Fe

[1.2) Transition de spin induite par différentes paturbations physiques

I1.2.a) Transition de spin thermique

La condition pour que la transition de spin themmicge produise, est que la différence des
énergies des niveaux de point zéro entre les ét8tet BS soit de l'ordre des énergies

thermiquement accessiblég T : AE°=E],—EJ;~k,T; la variation d’entropie jouant un
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réle de « moteur » de la transition de spin. Eetefi la transition de spin est quantitative a
haute température c’'est parce que la densité d'é&ditlargement supérieure dans I'état HS
par rapport a I'état BS.

I1.2.b) Transition de spin induite par la pression

L’application d’'une pression va favoriser I'état meindre volume c’est-a-dire I'état BS ou,
en d’autre terme, accroitre la température de itransL’action de la pression se traduit par
le terme de travaiPAV (aved\V =V, —V;s) dans les équations thermodynamiques selon :
AE°(P) =AE° + PAV, soit: AG =AH -TAS+PAV avec AE° le gap d’énergie entre état
HS et LS a pression atmosphérique. G, H, P et Grespectivement I'énergie libre de Gibbs,

I'enthalpie, la pression et I'entropie.

I1.2.c) Transition de spin induite par un champ maamétique

L’application d'un champ magnétique extérieur piaduire une transition de spin magnéto-
induite. [Boussekseu hans ce cas, I'application d’un champ magnétiqustaailiser 'état HS

et diminuer la température de transitid, vers les basses températures, di a I'éclatement

des niveaux d’énergie par l'effet Zeeman (le termgyB®estajouté a I'énergie libre de

Gibbs).

I1.2.d) Transition de spin induite par irradiation lumineuse

Le phénomene de transition de spin peut étre égalemduit par la lumiére (transition de
spin photo-induite). La photo-commutation de cometedu Fe(ll) a transition de spin, fut
rapportée pour la premiére fois par McGanatyal. en 1982.McCavey 821 Cot effet sera
attribuable a l'effet LIESST (Light-Induced Excite8lpin State Trapping) découvert par
Descurtinset al. en 1984 qui consiste a piéger le systeme darat Il46 métastable par
pompage optique & trés basse tempérditit&™ 84 Notre équipe a réalisé et rapporté des
effets de photo-commutation & température ambl&Hf8™™ea %) o procédé consiste a
envoyer un « pulse » de lumiére dans la zone naéti@sd I'intérieur de la boucle d’hystérésis
thermique. L'application d’'un « pulse » laser pfite basculer totalement et réversiblement

la partie irradiée du composée d’'un état a uregits  <«BS).
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11.3) Les différentes technigues expérimentales palcaractériser un

changement d’état de spin

Une transition de spin peut étre caractériséegfmttion molaire ou fraction représentant le

nombre de molécules dans l'état HS, notdg en fonction des divers paramétres

thermodynamiques (T, p, H, ..). Cette fractinf, peut étre mesurée a partir de différentes

techniques expérimentales conduisant a des répali§ésentes suivant I'état de spin. Le

changement d’état de spin est associé ou entramenddifications relativement importantes

des propriétés physiques du composé. Ainsi, plusigaies, plus ou moins directes, sont

possibles pour caractériser la transition de spinlésluire plus ou moins directement et

facilement la fractiom,s en fonction de la température.

Les méthodes de mesures de la susceptibilité mggeé&itatique molairey,, en

fonction de la température sont le plus souverliséés pour caractériser la

transition de spin d’'un matéri&tfno 9% Gutich 941

Une autre méthode expérimentale, plus quantitagise trés utilisée pour les
complexes de fer, la spectroscopie Mdssbauer. Cetfthode résulte de
'absorption sans recul de photopgprovenant d’'une source radioactive par la

faible quantité d'isotope atomiqdé=e contenu dans le composé étgfgnvod 72l

Les méthodes cristallographiques, telles que Idradtion des rayons X,
permettent d’obtenir des données structuralesndist suivant I'état de spin, en
particulier I'élongation des distances métal-ligatdionc la variation de volume,

ainsi que les changements d’angles de la maikadiine ...

Deux types de spectroscopie vibrationnelle sontleégent utilisés, la
spectroscopie infrarouge et la spectroscopie Ra@bhaque état de spin peut étre
caractérisé : les quanta de vibrations de défoomatmeétal-ligand sont

systématiqguement plus hauts en énergie dans L'Stgue dans I'état HS.
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- La spectroscopie électronique par absorption cofanspectroscopie UV-Vis, le
nombre de bandes d’absorption permises ainsi queldémgueur d’'onde étant
différents suivant la configuration électroniquedenc d’état de spin.

- D’autres méthodes peuvent étre utilisées commall@imétrie, la spectroscopie

dynamique diélectrique, et la Résonance Paramagieclectronique.

11.4) Le besoin de la nano-structuration des matéaux a transition de spin

Pour I'application des matériaux a transition de fmmme dispositifs mémoires ou capteurs
il est requis leur mise en forme en couche mincermunanoparticules. La nano-structuration
de ces composés ouvre la porte a de nombreusedilitgssd’applications. Néanmoins, il
faut souligner que la réduction de taille au nivaanométrique peut entrainer une diminution
de la taille des domaines de spin dans le méme éttghar conséquent peut affecter le
comportement de ces systemes. Ainsi, I'objectifdashe part, d’étudier I'effet de réduction
de taille sur les propriétés physiques du matétadiautres part, de structurer ces composés
en réseaux nanomeétriques, homogénes et périodigoes des applications en nano-
photonique et en nano-électronique. L’état de ks la synthése et la nano structuration

des matériaux a transition de spin est actuelletnestavancd®ousseksou 20111

[1.5) Tautomeres de valence : Introduction

La bistabilité des états électroniques observéer mautains complexes de métaux de
transition constitue un domaine important dans Hantp de recherche de la chimie de
coordination. Les complexestransition de spin et lestautoméres de valenceonstituent

deux exemples importants et typiques de ce phénemeén

[I.5.a) Les analogues du bleu de Prusse (BP)

Les analogues du bleu de Prusse (BP) de formulérgiérAM" ,[M’ " (CN)e]-nHO (ou A est
un cation alcalin, et M et M’ sont des cations détaax de transition divalents et trivalents,
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respectivement) ont fait I'objet d’un tres grantén@t du fait de leurs propriétés magnétiques
et photomagnétiqueSertains de ces complexes présentent, en outréramsition thermique

du premier ordre, associée au transfert d’'un @ealiun métal a I'autre.

Certaines recherches se sont orientées vers |'éesi@ossibilités de contrdle des propriétés
magnétiques de ces analogues de BP par un stimakiérieur. Le composé
Na,Co[Fe(CN}]yzH,O est un bon exemple qui montre une bistabiliténtigue entre la
phase & haute température (HT)" (0= 3/2)-F&S = 1/2) et la phase & basse température
(BT) Cd"(S = 0)-F&(S = 0). Son étude montre que I'état électronigtabls dépend
fortement de la quantité de défauts de FegGd)que la transition thermique est due au

transfert d’'un électron d’'un métal a I'autre (fig).

FeIII-BS -CN - COII-HS

e jLJ(%
P

5=1/2 5=3/2

1

FeII-BS -CN - coIII-BS

SRR

S=0

) . L L N A
50 100 150 200 250 300 350
Tomporature | K |

Figure.2 : a) bistabilité des états électroniqué®epropriétés magnétiques du complexe
Nao 53C01 sIFe(CN)e| 4.4H0.

lII) Matériaux moléculaires bistables : Etudes électrigas

Ce travail de thése présente une approche originale seulement pour I'adressage des
matériaux moléculaires bistables par voie électriqgmais aussi pour la lecture de
linformation stockée dans les matériaux molécekibistables a I'échelle nanométrique. A
cet effet, nous avons étudié les propriétés despi@m des complexes de coordination
(RbyMn[Fe(CN)gly-zH,O, NayCo[Fe(CN)g]y-zHO, Cos[W(CN)sg]2(pyrimidine) 4-6H,O et
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{Fe(HB(pz)3)2}) et nous avons pu mettre en évidence une commutatitre leurs deux états

bistables par I'application d’'un champs électrique.

[11.1) Transport de charge dans les tautomeéres dealence.

Nous avons étudié le transport de charges dans téegomeres de valence
RbMn[Fe(CN)]y.zH,O, NaCo[Fe(CN}]y.zH,O et Co[W(CN)glo(pyrimidiney-6H0 pour
différentes stcechiométries. Le large domaine dealbiité thermique nous a permis
d’étudier le transport de charge des deux phasenm@riques dans des conditions
expérimentales identiques. Généralement nous adMuBEVve que :

- La dépendance fréquentielle de la conductivité Buiméme loi que celle des

solides désordonnés.
- Pour des températures élevées, la conductivités(darrégime continue) a un

comportement gouverné par la loi d’Arrhenius.

Dans le cas du composé ,Rm[Fe(CN)]y.zH,O nous avons obtenu des résultats treés
intéressantes par rapport aux autres compose£gtiNbus avons conclu que :
- La relaxation dipolaire est thermiquement actiigu¢e 4), la valeur de I’ énergie

d’activation est identique a celle de la condutdiYE(cT) = Ex(w) = 0.55 eV).

- Nous avons attribude saut de petits polaronscomme mécanisme pour la
conductivité électrique (transfert d’électron enkes deux centres métalliques :
Mn?*-NC-F€* o Mn*-NC-F&").

- L'ensemble des résultats expérimentaux ont biene@t@duit par I'équatiogy. =
(ncezaZ/GkBT)vp; N, a, kg, T, vp sont respectivement la densité des paires de
centres métalliques, la distance ente centres,olsstante de Boltzmann, la

température et la fréquence de saut.

L'allure de la transition de phase dans les taetes de valence correspond bien a
I'hystérésis thermique de la conductivité éleceigmesuré (figure 3). Cependant, le

mécanisme de la conductivité varie avec la tempgératl est thermiquement activé pour les
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hautes températures et gouverné par l'effet tupoatl les basses températures. A partir des
études sur les échantillons qui ne présentent@émdsition de phase, nous pouvons conclure
sans ambiguité que les deux phénoménes, la tangitt phase et le changement de
mécanisme de la conductivité sont indépendantdaitegu’ils se produisent dans la méme
gamme de température pour certains échantillorsg giee pur hasardtn fait, la transition de
phase ne modifie ni le mécanisme du transportelii ce la relaxation diélectrique, mais fait
varier la conductivité et le taux de relaxationoriftamment, I'énergie d'activation de la
conductivité a été trouvée assez similaire dansléesx phases (HT et BT) dans le cas des
composes RMn[Fe(CN)]yz-HO mais est légerement differente dans les deuxeghdss
composés N&o[Fe(CN}]y.zH,O et Ca[W(CN)g]2(pyrimidine): 6HO. D'autre part, le taux
de transfert de charge et par conséquence la ctivitu@st plus élevée dans la phase BT.
Cette différence correspond au facteur pré-expogiede la fréquence de saut, qui est lié a la

forte contraction du réseau lors de la transitiepldase HT- BT.

-5
10 E— = — magnetic moment 5.6
[—+— conductivity (20 V)
E—o— conductivity (2 V)
10_7-{ T 54
r
T‘A i rn-:
£ 10°F 1°2 =
i =
% =
o i
10_11-{ T 50
;
103L 4.8

150 200 250 300 350
T(K)

Figure.3 : Dépendance thermique de la conductidite(mesuré a 2 et 20 V) et moment
magnétique effectif du composéRMN[Fe(CN)]0.91.1.6H0.
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1000/T(K)

Figure.4 : Dépendance thermique de la conductiddétriangles) et fréquences de relaxation
de la conductivité (cercles). Les symboles ouvastsespondent au mode refroidissement et
les symboles fermés correspondent au mode chauffage

[11.2) Adressage électrique des matériaux moléculags bistables

Nous avons déja vu que le phénomene de transiéi@pieh ainsi la transition de phase induite
par le transfert de charge (tautomére de valenea) @tre induit par la température, une

pression, un champ magnétique ou une irradiationineuse. Suite a I'étude des propriétés
électrigues des tautomeres de valence et des cémpodransition de spin, nous avons
cherché a étudier une transition éventuellementiiedpar un champ électrique statique

conduisant a I'adressage électrique de ces makériau

Apres une série d’expériences nous avons reussitiienen évidence une transition de phase
dans la famille des tautomeres de valences paicapiph d’'un champ électrique statique.

Pour un champ électrique d’environ 1.2 kV/mm autder la température ambiante et a
lintérieur du cycle d’hystérésis, nous avons pumowiter irréversiblement les composés
étudiés de la phase haute température vers la phase température (figure 5). Malgré tout,
le processus inverse (de la phase basse températsela phase haut température) est

possible en chauffant le matériau par effet Joule.
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Figure.5 : Propriétés magnétiques du complexg gMin[Fe(CN)]0931.62H0O (a gauche).
La fleche en pointillée montre I'effet de I'applica d’'un champ électrique de 1.2 kV/mm.
Spectres Raman du méme composé enregistrés a 2EMKI'état HT et I'état BT sans
application du champ électrique et aprés applicataiun champ électrique de 1.2 kV/mm
dans la branche descendante du cycle d’hystérasiso(te).

Nous avons proposé une transition de phase pataglec a ferroélectrique comme

mécanisme pour expliquer nos observations dane tatiille de composés (tautomeres de

valence). En effet, I'application d’'un champ élaqnie favorise la phase BT par déplacement

de la température de transition vers les hautepéeatures par le termeAT,, =

p2E2
AH(0)

avec

p le moment dipolaire électrique, E le champ éigatr appliqué et H I'enthalpie.

Mode refroidissement

Energie libre

— E=0

Energie libre

0.5

*BS

0.0

Mode chauffage

0.5 1.0

“BS

Figure.6 : Dépendance en champ électrique de I'gieelibre (F) en fonction de la fraction

de la forme basse température (BT). L’applicatiomndchamp électrique favorise toujours

I'état basse température.
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[11.3) De la molécule vers les dispositifs électragues

Dans le cadre de cette thése nous avons obsenié qamplexe [Fe(HB(p3).] possede une
propriété remarquable : il présente une transitibarmique irréversible. La variation
thermique du moment magnétique ainsi que les pr@wiélectriques sont irréversibles. La
partie réelle de la conductivité change de quatmdres de grandeur. Cette propriété
intéressante nous a encouragé a étudier les conainess de ce composé dans le but de
I'utiliser comme dispositif de mémoire électroniquiea lecture et I'enregistrement de
information stockée dans ce matériau moléculbistable sont envisagés par voie électrique

(figure.7). L'enregistrement est basé sur le clagdfindirect ou direct du matériau par effet

Joule.
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Figure.7 : Les figures du haut présentent la dépeicé thermique de la conductivité
électrique (conductivite® enregistré a 10 mHz pour deux cycles thermiquisomplexe
[Fe(HB(pz}),] (gauche) et de la couche mince (droite). Lesrgégudu bas sont des mesures
I(V) sur le film de [Fe(HB(pz).] qui démontrent la possibilité d’utiliser ces cdigs minces
pour fabriqguer une mémoire électronique non voéatiROM).
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V) Détection _de la transition _de spin_dans des couchdtra-
minces a l'aide des plasmons de surface

IV.1) Résonance des plasmons de surface (RPS)

Lorsqu’'un matériau interagit avec une onde élecagmétique, un couplage fort entre cette

onde et la polarisation induite locale de ce matépeut se produire. Cette excitation couplée
est appelée polariton. Dans un métal, le couplageaduit avec les oscillations électroniques

collectives et quantifiées. On utilise alors larterde plasmon-polariton ou plus simplement

plasmon. En effet, pour qu’un couplage entre lasmbns de surface et la lumiére puisse étre
observé, il faut que la condition dite de couplagi satisfaite. Cette condition s’exprime tres

simplement par I'égalité entre la norme du vectande des plasmons de surfagg ét la

projection dans le plan de la surface du vecteomdk k de la lumiére incidente.

Il existe principalement 2 types de coupleurs mtamt de réaliser la condition de couplage :
- Le prisme
- Le réseau de diffraction

Dans ce travail de these nous avons utilisé lengrisomme coupleur.

Lors du passage de la lumiére a travers un prisinEangle d’incidence est supérieur a
'angle critigue 6. dans la figure 8) défini par la loi de Snell, urglexion interne totale
(RIT) est observée. L'onde réfractée ne peut ptuprepager et il y a apparition d’'un champ
évanescent a l'interface prisme-milieu extériewe.champ est qualifié d’évanescent, car son
amplitude décroit exponentiellement suivant I'aqgerpendiculaire a l'interface. Dans le cas
ou le prisme est recouvert d’'une couche métallighie Ag ...), le phénomene de réflexion
interne totale se produit également. Si I'épaissieucette couche métallique est suffisamment
faible, alors I'amplitude du champ associée a lmédanescente sera encore suffisamment
importante au niveau de la seconde interface mtall extérieur. Le champ évanescent
pourra alors se coupler avec les plasmons de supiaésents a l'interface métal/milieu

extérieur, sous réserve que la condition de coeptait satisfaite. En effet, pour un angle
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d’incidence particulier, que nous appellerons ardgerésonancedf dans la figure 8), |l

pourra y avoir égalité entre la composante longitaié du vecteur d’onde du champ
évanescent et le vecteur d’'onde du plasmon. Cdagege manifestera par un minimum sur
la courbe de réflectivité du a I'absorption de &égie par le métal, énergie qui pourra se
propager sous forme de plasmon de surface a fatterentre le métal et le milieu extérieur.

Ce phénomene est appelée réflexion totale attgRies).

Detector

\ Glass prism
N

v

Metal QC 0, f

Figure.8 : Schéma explicatif du principe d’excitati de plasmon de surface selon la
configuration de Krechmann.

IV.2) Simulation théorique

En utilisant les équations de Fresnel, nous avdudié théoriquement la possibilité de
détecter la transition de spin dans des couchesewia I'aide de la résonance des plasmons
de surface. Nous montrons que cette technique giatter des variations d’indice optique

associées a la bistabilité méme pour des couch@srinces (<10 nm).
IV.3) Caractérisation des couches minces par RPS

L’échantillon étudié est formé du composé [Fe(pyragzPt(CN)] déposé sur une couche de
titane/or (5/50 nm). Le titane permet l'accrochel'desur le verre. Cette géométrie est a
prendre en compte dans les simulations de spet&escouches minces a transition de spin

ont été élaborées par une méthode d’assemblagieoushe séquentigf2 ™2 1!
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Couche mince : SPR AFM Epaisseur
{Fe(pyrazine)[Pt(CN)4]} théorigue (nm)
Epaisseur n k Epaisseur
(nm) (nm)
5 cycles 48 £ 0,216 * 0,020,006 0,014 3,8%* 0,7 3,9
10 cycles 65* 02|16 * 0,0210,06* 0,01f 8 * 2 8,5
15 cycles 15,0+ 0,2 |1,6 * 0,02[0,07 £ 0,01] 12 %= 2 12,3

Figure.9 : Courbes RPS expérimentales et ajustesribidoriques. Le tableau rassemble les
données expérimentales mesurées par AFM (micras@jforce atomique) et RPS qui sont
comparées aux valeurs théoriques.

Ce résultat expérimental montre que la RPS estagiaique puissante non seulement pour
mesurer les épaisseurs des couches minces maipausséterminer les constantes optiques

du matériau étudié.

I\V.4) Détection de la transition de spin dans lesotiches minces par SPR

La température a un effet sur les indices de réfraades matériaux. Cependant dans le
domaine d'étude thermique qui nous intéresse,rlatian d'indice de réfraction du prisme est
négligeable. La variation de l'absorption de I'sr &ussi nulle, mais son indice de réfraction
Nay varie deAna, = 0,05 sur 100 °C.
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Pour vérifier l'influence de ce changement d'indste les courbes plasmoniques, une

simulation a été réalisée. Elle consiste a étudisysteme : prisme (BK7) - Ti 5 nm - Au 45

nm
~ 1,04
0,8+
0,94
—278K
298 K 0,84
061 —a3K |2
E ‘ = 0,74
= | k)
5] Ty J
& 04+ / & 0,6
[0
T 0,51
0.2 0,4+
0,34
0,0 —rrrr— -7t T r T
0 10 20 30 40 50 60 70 80 90 40 41 42 43 44 45 46 47
incident angle incident angle

Figure.10 : simulations théoriques et courbes Rig&amentales qui montrent lI'influence de
la température sur notre capteur plasmonique.

D’aprés ces résultats nous avons pu confirmer queeponse de I'ensemble du capteur
(prisme + couche Au/Ti) est stable avec la tempéeatt n’aura donc aucune influence sur les

mesures des composés dans cette gamme de tem@ératur

Comme nous avons déja indiqué dans la premieréepante transition de spin peut étre
provoquée par variation de la température du nmatérAinsi en suivant la variation
thermique du minimum de la courbe de réflectivitéus pouvons suivre la variation de

I'indice de réfraction du matériau déposé.

La figure 11 montre le résultat de I'étude expéritate réalisée sur une couche mince de 50
nm du composeé [Fe(hptgl)OTs),. Entre 305 a 320 K, le matériau est dans |'étatspin et

'angle de résonance plasmon varie de facon lieéaiec la température. De 320 a 330 K, la
linéarité de la courbe est rompue car le phénongentransition de spin se superpose a la
variation thermique. Enfin, de 330 a 345 K, la &bon de l'angle de résonance plasmon
redevient linéaire, mais avec des coefficientsim&atité différents, le matériau est dans I'état
haut spin. La transition de spin du matériau seesionc autour de la température ambiante (~

325 K). Le positionnement de la température desttiam est en accord avec les autres
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mesures expérimentales sur ce matériau. D’auttelparésence de la discontinuité confirme
gue le changement d'indice de réfraction non -almeéest bien lié a la transition de spin et

non a d'autres phénomeénes physiques.
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Figure.11 : Suivi de la résonance plasmon : anglesésonance expérimentales en fonction
de la température (rouge : chauffage, bleu : rafr@sement), pour un systéme BK7, 5nm Ti,
45 nm Au, 50 nm composé [Fe(hpiTs),, air.

Ces résultats ouvrent de sérieuses perspectived'ipteégration des complexes a transition de
spin dans des dispositifs photoniques dont |'olfjest leurs possibles applications comme
capteurs ou dispositifs optiques adressables.

V) Conclusion générale

L'objectif du présent travail a été d'étudier lesppiétés électriques et optiques des complexes
moléculaires bistables tels que les composés &itian de spin ou tautoméres de valence
dans lequels une commutation entre deux étatsr@hegties peut étre induite par différents
perturbateurs externes (température, pression, gimaagnétique, de lumiére, ...). Des études
récentes ont révélé que ces composés sont susesmdibvoir une variation importante de

leur constante diélectrique) (dans une large gamme de fréquenegs.(¢,,). Les objectifs de
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notre recherche ont été inspirés par cette dermespriété remarquable. Deux questions

principales ont été abordées dans le cadre detbete:

- Est-il possible d’induire la transition de spia ces composeés bistables par application

d’'un champ électrique externe?

- Est- il possible d'utiliser la commutation de permittivité électrique &) de ces

matériaux pour détecter la transition de spin éédle nanométrique ?

Pour la premiére question, nous nous sommes fésafigr les tautomeres de valence (les
analogues de bleu de prusse RbMnFe et NaCoFecetriplexe bimétallique Co-W). Nous
avons étudié par la spectrométrie Raman sous chéleqirique trois composés qui
appartiennent a la famille des tautomeres de vatenCes études nous ont amené a des
résultats tres marquants. Nous avons démontré imxg@@alement la possibilité d’adressage
des matériaux moléculaires bistables par voie ridget autour de la température ambiante et
a l'intérieur du cycle d’hystérésis thermique. Naw®ns montré que I'application du champ
électrique favorise toujours la phase basse temyéraNous avons proposé un mécanisme
pour expliquer ce phénomene : la stabilisationadghlase basse température sous I’ effet d’'un

champ électrique est relié a une transition pactdeie-ferroélectrique.

Dans le cadre des études électriques, nous avowlée des propriétés de transport des
complexes de coordination Rbn[Fe(CN)]y-zH:O, NaCo[Fe(CN}]y- zH:0,
Cao3[W(CN)gl2(pyrimidiney- 6HO et {Fe(HB(pz)),} :

- Nous avons observé un transfert de charge castajée des solides désordonnés et
nous avons conclu que le transport de charge dansanposeés se produit par sauts
de petits polarons correspondant aux transfert¢eatténs intermétalliques. Le
processus de relaxation dipolaire a une énergietidadion thermique équivalente a

celle de la conductivité.
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- Nous avons conclu que la transition dans les tagttesnde valence ne modifie pas le
mécanisme de transport de charge, mais moduleeidgért la conductivité ainsi le
taux de relaxation diélectriqgue. A partir du méesare de transport proposé, les
changements de conductivité, qui sont relativenfeimies (un ordre de grandeur),
sont liés a la variation des fréquences des phoasswriee a la transition de phase des

tautomeres de valence.

Ce travail de these présente une approche originale seulement pour I'adressage des
matériaux moléculaires bistables par voie électriqmais aussi pour la lecture de
'information stockée dans les matériaux molécekibistables a I'’échelle nanométrique par

voie électrique ou optique.

Pour la deuxiéme question posée, nous avons éfugléiquement et expérimentalement la
possibilité de détecter cette commutation danscdeshes minces a l'aide de la résonance
des plasmons de surface. Nous montrons que cetieiggie peut détecter des variations
d’indice optique associées a la bistabilité mémar gies couches ultra-minces (<10 nm). Par
exemple dans le cas d’'une couche mince du compgkeegptrz}](OTs), de 50 nmnous

avons détecté la transition de spin autour de 325 K

Ces résultats représentent une étape trés impsrfnir la compréhension de l'effet de

réduction de taille dans les matériaux moléculdiistables et ouvrent de sérieuses
perspectives pour l'intégration des complexesresitian de spin ou a transfert de charge dans
des nano-circuits électriques et des dispositifstgaiques dont l'objectif est leurs possibles

applications comme mémoire, capteurs ou disposififtgjues adressables.
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