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ABSTRACT

Thin films (~100 nm) have been prepared of the prototypical spin-crossover complex 

Fe(phen)2(NCS)2 (phen = 1,10-phenanthroline). Initial attempts to prepare these films by direct 

vapor deposition yielded films of a different material. Through extensive FT-IR, Raman, UV-Vis, 

and x-ray photoelectron spectroscopy it is shown that these as-deposited films are the ferroin-based 

tris complex [Fe(phen)3](SCN)2. Structural characterization by AFM and powder XRD reveals 

them to be smooth and amorphous. When heated, the [Fe(phen)3](SCN)2 films are converted first 

to Fe(phen)2(SCN)2 and then to a third species postulated to be Fe(phen)(NCS)2 which is likely a 

one-dimensional coordination polymer. On the other hand, deposition from Fe(phen)2(NCS)2 onto 

heated substrates produces a mixture of these three materials. The identity of the Fe(phen)2(NCS)2 

films is proved by additional spectroscopic, structural, and magnetic characterization. 

Magnetometry reveals them to remain spin-crossover active albeit with a more gradual and 

incomplete spin-transition than the bulk material. The films are found to be granular in nature and 

deep crevices were observed at the grain boundaries. Within the optical microscope, the coloring 

of the grains is seen to be dependent upon sample orientation. Powder XRD indicates texturing of 

crystalline domains where the crystallographic c-axis is parallel to the surface normal. This 

represents a new process for production of Fe(phen)2(NCS)2 films.

With the aim of realizing the potential for spin-crossover materials to modulate electrical 

conduction and vise versa, electrical characterization has been performed as a function of 
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temperature on vertical junction devices incorporating the prepared Fe(phen)2(NCS)2 films. In 

order to prevent penetration of the top electrode through the cracks and crevices in the 

organometallic layer, a multiple sequential deposition and annealing process was developed to 

produce films with a continuous surface topography. A small change in the weak electrical 

conductivity of these devices appears at the spin transition temperature, demonstrating for the first 

time in ca. 100 nm thin films of this important material a coupling of the electrical conductivity 

and magnetic spin state. Here, the HS state has a higher electrical conductivity. Incorporation of 

LiF interfacial layers between the Fe(phen)2(NCS)2 and the metal electrodes improves conduction 

slightly but tunneling still appears to be the current-limiting mechanism. Electrical measurements 

were also performed on devices made with the related complex [Fe(phen)3](SCN)2. Such films 

were much more conductive - as good as other typical organic semiconductor materials. All 

together, this work establishes the potential for this family of complexes to be incorporated into 

thin-film based electrical devices whose operation is based on the spin-crossover effect or 

otherwise.
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CHAPTER 1

INTRODUCTION

1.1 Spin-Crossover Phenomena

The term spin-crossover (SCO) refers to a change in the electronic spin state of a molecule 

that occurs in response to an external stimulus. The term canvases an array of phenomena with 

varying mechanisms. In general usage however, and in this work, SCO is used to refer specifically 

to the change in d-orbital electron configuration that can occur for d2 → d8 transition metal 

complexes. By far, the most common SCO complexes are d6 Fe(II) complexes with octahedral 

arrangements of N-donor ligands and the usual applied stimulus is a change in temperature.1 The 

following discussion will be limited to such complexes.

In the absence of any ligand field, the five d-orbitals of Fe(II) are degenerate. As ligands are

brought near the metal center from six sides in an octahedral arrangement, the pseudo-spherical 

field imposed splits the d-orbitals into three (dxy, dxz, dyz) lower energy t2g and two (dz², dx²-y²) higher 

energy eg orbitals. Two possible spin states result depending on the magnitude of the ligand field 

splitting of the t2g and eg orbitals, ΔO. For Fe(II), when the two sets of d-orbitals are close in energy,

four electrons occupy the lower set, two occupy the higher set, maximum spin multiplicity is 

achieved in accordance with Hund's rule, and the total spin of the 5T2 configuration is 2. When ΔO 

is greater than the spin pairing energy, Π, all six electrons fill the t2g orbitals and the total spin of the

1A1 configuration is 0.
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The question arises as to the electron configuration of complexes with ligands of 

intermediate field strength, i.e. what happens when ΔO = Π? Occasionally it is mistakenly stated 

that it is under this condition that SCO occurs. In fact, the condition does not occur for the ground 

state equilibrium configurations.2 That this must be so becomes obvious when one considers that 

ΔO varies as (rFe-N)5→6, where rFe-N is the metal-ligand equilibrium bond length for Fe(II) metal 

complexes with N-donor ligands in the octahedral field (assumed symmetric). Because the eg 

antibonding orbitals are populated in the high spin (HS) 5T2 configuration, rFe-N is larger than for the

same complex in the low spin (LS) state. Typically, the Fe-N bonds are longer by about 0.2 Å.3 

Consequently, ΔO is larger for the HS state and neither ΔO,HS nor ΔO,LS are equal to Π. Instead, 

SCO is likely to occur when ΔO,HS and ΔO,LS are as close as possible to Π and the condition ΔO,HS < 

Π < ΔO,LS is met.

The configuration coordinate diagram in Figure 1.1 illustrates these principles. The two 

potential energy curves for the different d-orbital electron configurations, 1A1 and 5T2, are displaced 

on both the vertical axis, representing potential energy, E, and the horizontal axis which represents 

rFe-N. Only when the Fe-N bonds stretch from equilibrium do the potential energy curves intersect. 

Note that the LS state is shown to have a lower potential energy at equilibrium. The LS state must 

be the quantum mechanic ground state of a complex in order for that complex to undergo SCO, at 

least by thermal activation. This is because SCO is an entropically driven process. To understand 

how the SCO is affected by an increase in temperature it is necessary to consider the difference in 

the free energies between the HS and LS states

ΔGHS-LS = ΔHHS-LS - TΔSHS-LS (1.1)



Figure 1.1. SCO configurational coordinate diagram showing the potential energy, E, for the LS
(1A1, shaded dark) and HS (5T2, shaded light) states. The difference in energy between the two
states is ΔEHS-LS. The position of the minimum of each potential energy curve on the horizontal axis
represents  the  length  of  the  Fe-N bonds  at  equilibrium,  rFe-N,  for  the  given  d-orbital  electron
configuration shown inset on each curve.

3
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where ΔHHS-LS is the difference in enthalpies and ΔSHS-LS the difference in entropies between the 

two states. The enthalpic contribution, -TΔSHS-LS, causes ΔGHS-LS to transition from a positive value 

to a negative value as temperature increases. This happens because the entropy of the HS state, 

ΔSHS, is greater than its LS counterpart. The free energy of the HS state, ΔGHS, decreases more 

quickly than that for the LS state, ΔGLS, eventually becoming the lesser of the two. At this point, 

ΔGHS-LS is negative and the HS 5T2 configuration becomes the thermodynamic ground state. The 

larger entropy of the HS state originiates from the electronic entropy (e.g. higher spin multiplicity) 

and from the vibrational entropy (e.g. greater density of vibrational states and longer bonds).

The evolution of ΔGHS-LS is calculated and plotted for a real SCO complex, 

Fe(phen)2(NCS)2 (FeP2) in Figure 1.2. The values of ΔHHS-LS = 8607 J/mol and ΔSHS-LS = 48.8 

J/mol·K come from heat capacity measurements made by Sorai and Seki.4 At a critical 

temperature, Tc ≈ 176 K, ΔGHS-LS is equal to zero and the two spin states are degenerate. The ratio 

of the fraction of HS molecules, γHS, to the fraction of LS molecules, γLS, is given by the van't 

Hoff equation

γHS / γLS = exp(-ΔGHS-LS / kBT) (1.2)

where kB is Boltzmann's constant. At the critical temperature, where ΔGHS-LS is zero, the right hand

side of Equation 1.2 evaluates to unity. Necessarily, γHS = γLS at this temperature, i.e. 50% of 

molecules are in the HS state and 50% are in the LS state. For this reason, the critical temperature 

is also called T1/2. However, the formal definition of T1/2 = Tc is not always experimentally useful 

because the relative fractions of HS and LS molecules may be unknown exactly or a portion of 

molecules in an otherwise SCO-active material may not undergo SCO at any temperature.5 The 



Figure 1.2. The change in  the  difference  in  the  free  energies  between  the  HS and LS states
(ΔGHS-LS) vs. temperature (solid line, left axis) calculated using ΔHHS-LS = 8607 J/mol and ΔSHS-LS =
48.8 J/mol·K for FeP2 from Ref. 4. As the temperature increases the fraction fo molecules in the
HS state, γHS (dashed line, right axis), increases from 0 to 1. At a critical temperature, Tc, ΔGHS-LS =
0 and γHS = 0.5.

5
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latter case leads to larger than expected residual HS/LS fractions even at very low and very high 

temperatures. Instead, T1/2 is often taken as the point of inflection in the SCO plot (however it is 

determined), i.e. the point at which 50% of the SCO-active molecules have switched. Additionally, 

two values of T1/2, one upon cooling and one upon warming, will be observed at temperatures 

higher and lower than Tc for molecules which exhibit a hysteresis in their SCO curves. 

The behavior predicted by the van't Hoff equation holds only for materials whose 

intermolecular interactions are weak or fleeting. For example, most solutions of SCO molecules 

display this type of behavior, as do solid solutions in which the concentration of the SCO-active 

species has been reduced.6,7 In undiluted solids, molecular packing cannot be ignored. As stated 

above, rFe-N is significantly higher for the HS form of a complex than for the LS form. Upon 

switching, a molecule contracts or expands and the structural change is communicated to 

neighboring molecules via the elastic interactions between them. Those molecules feel a change in 

effective lattice pressure and may be induced to switch in concert. The efficient communication of 

structural changes is termed cooperativity and strongly affects the observed SCO curve (Figure 

1.3). For solids which exhibit a high degree of cooperativity, the SCO event occurs abruptly rather 

than gradually, often over the course of only a few K. As the temperature of the system is increased

or decreased the current spin state of the material is stabilized by the cooperative interactions 

between molecules. At the transition temperature, the entire material switches almost in unison and

a discontinuity is observed in the SCO curve. If cooperativity is particularly strong and domain size

is large, the material might resist switching even past the transition temperature and supercooling 

and superheating are observed. This results in a hysteretic SCO curve where T1/2 is different for 

either direction of temperature change. It should be noted though, that with any thermodynamically



Figure 1.3. The continuum of SCO behaviors observed depending on the extent of cooperative
effects  in  the  lattice.  When cooperativity  between  molecular  centers  is  low,  SCO occurs  as  a
gradual  process.  As cooperativity is  increased,  the spin transition becomes more abrupt.  When
cooperativity is very high and efficient communication occurs across large domains, an hysteric spin
transition can result in which the transition temperature differs depending on the direction of the
temperature change.

7
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favored process slowed by an activation energy, SCO is a kinetically limited process. The 

temperature scanning rate of the experiment can influence the width of the hysteresis.8 Another 

source of hysteresis lies in the crystallographic phase changes (i.e. changes in space group) that 

sometimes occur simultaneously with the SCO event.5 Bistability is also possible at very low 

temperatures (typically 0 → 50 K) where cooperative resistance to switching can prevent relaxation

back to the LS ground state after optical excitation to the HS state. This process is termed 

light-induced excited spin state trapping, or LIESST.9

There are two primary changes associated with SCO that manifest themselves in myriad 

ways observable by experiment. These are the change in magnetic spin state caused by the 

population of the eg orbitals and the lengthening of the metal-ligand (e.g. Fe-N) bonds that result 

from the antibonding character of those orbitals. The first change, most directly impacts the 

magnetic properties of a material - observable by magnetometry, Mössbauer spectroscopy, and 

magnetic resonance techniques (NMR and EPR) - but also increases the magnitude of spin-orbit 

coupling within the complex. This shows up time and again as small perturbations in other 

properties, such as the degree of multiplet splitting in photoelectron spectra. Ultimately, control of 

the spin state might form the basis for binary memory storage or influence spin-polarized transport 

through a material. More pervasive is the impact of the change in metal-ligand bond distance. The 

decrease in molecular volume imposes a structural contraction on the rest of the crystal lattice and 

the leads to the cooperative nature of the spin transition. Diffraction techniques (x-ray, electron, 

and neutron diffraction) provide a straight-forward means to monitor the SCO event, even though a 

classic phase change does not usually occur. The shortened metal-ligand separation changes the 

energy structure of the molecule as well. The structural and energetic changes are revealed through 
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most spectroscopies, including UV-Vis and diffuse reflectance, fluorescence, FT-IR and Raman, 

x-ray (XAS, EXAFS, and XANES), and photoelectron (XPS, Auger, and UPS) spectroscopies. 

SCO has even been observed by more specialized analytical methods such as muon spin relaxation, 

nuclear forward scattering, and positron annihilation spectroscopy. Recently, the nanometer and 

sub-nanometer resolution of scanning probe techniques such as AFM and STM have made it 

possible to witness the structural changes associated with SCO directly.

The effects of SCO, which at its heart involves two simple events, are ubiquitous. Any new 

understanding in the field of SCO research has the potential to impact countless fields within 

chemistry and physics.

1.2 Spin-Crossover at the Micro- and Nanoscales

In order to take advantage of the peculiar properties of SCO materials in real-world 

applications, they must be prepared on a scale compatible with modern devices. First and foremost,

this requires that fabrication methods and compatible materials be identified and refined. Most 

applications will require SCO materials that are bistable under typical operating conditions. That is 

to say, target materials are those that display a wide hysteresis centered around room temperature. 

Modern technology is dominated by Si-based electronics. Adoption of SCO materials in cutting 

edge technologies requires that they can meet the requirements of the production methods of these 

electronics. Ideally, it should be possible to pattern them as features whose dimensions are less than

100 nm. The question naturally arises as to whether the properties and effects associated with the 

SCO phenomenon are retained at such small scales. The second goal of SCO research at the 

nanoscale is therefore to understand how a reduction in size influences SCO behavior.
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With the aid of only a microscope, much can be learned by simply observing visually the 

spin transition as it occurs in single crystals.10-13 This is possible because many SCO complexes 

display a color that is dependent on the spin state, i.e. they are thermochromic. Such experiments 

established very clearly and with photographic evidence that the SCO event proceeds through a 

process of nucleation and growth. Nucleation begins at defect sites within a crystal and propagate at

a finite rate.11,12 With extremely precise temperature control, it is even possible to control the 

position of the transition front in high quality crystals. The transition can be halted in a biphasic 

state as well.13

Many of the early reports of SCO materials studied at scales beyond those accessible to 

simple microscopes were attempts to form thin films by the Langmuir-Blodgett (LB) technique.14-17

Often, a SCO complex had to be modified by attaching long alkane chains to its ligands in order to 

form stable monolayers atop polar subphases like water. Fortunately, modification did not prevent 

SCO from occurring within the LB films. In at least one case, the film was SCO-active where the 

bulk material was not.14 The LIESST effect was confirmed in thin films for the first time in LB 

films based on a modified form of Fe(bipy)2(NCS)2.17 However, SCO in LB films can be more 

gradual than in the bulk phase and exhibit incomplete switching. Nonetheless, these early studies 

proved that SCO persisted in materials with the reduction of one dimension.

Since that time, many other approaches to forming thin films have been demonstrated. Very

thin films can be assembled layer by layer by successive submersion in solutions of the relevant 

cations and anions in the process known as multiple sequential assembly, or MSA.18-20  One of the 

consequences of growing films from aqueous solution is the possible inclusion of waters of 

hydration which can have strong effects on the SCO characteristics of a material, namely the 
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transition temperature and abruptness of the transition.20 Other solution-based film processing 

techniques include spin-coating, drop-casting, and soft lithography. In these methods, organic 

solvents with high vapor pressures and short drying times are preferred over water. The films 

produced are typically much thicker than those made by MSA, especially for drop-casting. 

Soft-lithography methods have the advantage that patterning is an inherent part of the process. 

Studies of small patterned squares and circles have shown that SCO can exist in these 

one-dimensional features as well.21-23 Stamps can be made in a cost-effective fashion from PMMA 

and in one unusual case, an onion membrane was shown to be effective.24 The size limit to soft 

lithographic techniques is on the order of hundreds of nanometers which should be suitable for 

many applications.22

Probably the most important film processing technique, in the context of modern 

electronics fabrication, is that of physical vapor deposition. However, the technique imposes special

requirements of the materials to be deposited. They must have adequate vapor pressure and they 

must endure the high temperatures involved in sublimation without decomposing or undergoing 

unfavorable reactions. In order for molecules to be sublimed intact, they should be neutral, 

covalently bonded complexes. Only a handful of SCO materials have been shown to meet all of 

these requirements, most being Fe(II) complexes containing tetrazole- and pyrazolyl-based ligands. 

One of the first reports of vapor deposition of a SCO complex is that of FeP2, the molecule that is 

the subject of this work.25,26 In his Ph.D. thesis, Bernien deposited FeP2 at a coverage of only a few

monolayers (ML) on Cu.25 Significant contamination of nitrogen-containing organic species, 

possibly including phen, was always present. X-ray absorption spectroscopy revealed a mixture of 

HS and LS species present at room temperature (above the spin transition temperature of the 
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material) but also that the HS component was reduced on cooling as expected. In another report, 

films of thicknesses between 7 and 530 nm were deposited with no mention of decomposition or 

contamination.26 The spin transition characteristics of the bulk FeP2 were preserved in those films.

Because physical vapor deposition allows incredibly precise control of the deposition rate, 

materials can be deposited at sub-monolayer coverage and studied in the limit of isolated 

molecules. Miyamachi et al. found that for sub-monolayer coverages of FeP2 on Cu, both LS and 

HS states were present in a nearly 1:1 ratio.27 The molecules on Cu could not be induced to switch 

spin states by application of a bias from the STM tip, but for those deposited on CuN, switching in 

both directions could be affected by application of biases of opposite sign. Thus it was shown that 

the interaction of molecules with the substrate surface could dominate, even eliminate, SCO 

behavior. In order to retain SCO properties at ultra-low coverages a substrate that shows little 

interaction with the deposited material may be necessary. Success has been found with highly 

ordered pyrolytic graphite (HOPG) substrates.28, 29

In recent years, the field of SCO research has increasingly focused on the nanoscale. More 

thorough reviews than can be offered here are found in Ref.'s 30,31, and 32. Some general 

conclusions have been identified by research at this scale. 1) SCO persists down to the limit of a 

single isolated molecule. 2) Direct contact with the substrate can lead to mixed spin states and 

hindered switching. 3) The spin-transition typically occurs more gradually, at lower temperatures, 

and with a more narrow hysteresis. 4) Modification of SCO properties for nanomaterials vs. bulk 

materials is correlated with the increase in the surface-to-volume ratio and increased dominance of 

surface molecules whose SCO behavior differs from molecules in the bulk. This last point has been 

verified by both theory and experiment.33,34 
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1.3 Spin-Crossover and Electrical Conduction

Many SCO materials are molecular solids in which only weak van der Waals forces bind the

molecules. Especially for amorphous solids (most films), delocalization of frontier orbitals is of 

limited range in comparison to inorganic, covalent semiconductors. Conduction in these materials 

is relatively weak and SCO materials are expected to fall into the class of materials known as 

organic semiconductors. Without a typical semiconductor valence and conduction band structure, 

charge carriers are highly localized on single molecules in this class of materials. Conduction is 

expected to occur via "hopping" of charge carriers across/through potential barriers into nearby 

molecules. Unlike band transport, which is thermally deactivated, hopping transport is a thermally 

activated process, and current increases strongly with temperature. The transport through 

SCO-active coordination polymers might occur primarily along polymer chains with hopping 

between the chains. Polymeric materials might have transport properties intermediate between 

molecular hopping and band transport.

The property of a material that determines what magnitude of current, I, will flow through 

the material for a given applied electric field, F, is the conductivity, σ.

I = σ F (1.4)

 The conductivity is limited principally by two factors: the number of intrinsic charge 

carriers within the material, n, and the mobility of the material μ.

σ = n q μ (1.5)

where q is the elementary charge. For traditional inorganic semiconductors, conductivity is 
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controlled primarily by manipulating the number of charge carriers in a material, e.g. by doping. 

For organic semiconductors, which are very nearly insulators, the number of intrinsic charge 

carriers is negligible and nearly all of the transported carriers must be injected from the 

electrodes. The vital property of organic semiconductors is thus the mobility which simply relates 

the carrier drift velocity (the speed at which charges travel), ν, to the applied electric field.

ν = μ F (1.6)

The mobility is different depending on the particular charge carrier. For example, for 

tris(8-hydroxyquinolinato)aluminium (Alq3), the electron mobility is two orders of magnitude 

higher than the hole mobility.35 The overall mobility is the sum of the two and in many cases, as is 

the case for Alq3, the measurement of only the major carrier mobility gives a good approximation 

of the overall mobility.

The two fundamental aspects of the SCO event, the change in spin state and the change in 

molecular geometry, might be expected to affect electrical current in three ways. First, interaction 

between the spins of charge carriers and unpaired spins of a HS material might cause scattering of 

those carriers. If scattering is spin-dependent, a HS material might act as a spin filter. Even though 

hopping transport is expected to occur through primarily ligand-centered orbitals and not through 

the metal-centered orbitals (except perhaps for coordination polymers), coherent quantum transport

calculations of a single molecule of the SCO complex [Fe(btp)2(NCS)2] (btp = 3-(2-pyridyl)

[1,2,3]triazolo[1,5-a]-pyridine) revealed that the highest occupied molecular orbital (HOMO) 

levels are composed primarily of contributions from the t2g orbitals.36 The occupancy of the HOMO

in the HS state is of β-electrons reflecting the unfilled nature of the t2g orbitals. The unoccupied 
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states near the Fermi energy also originate primarily from t2g bands. The conclusion was reached 

that transport, either through the HOMO or lowest occupied molecular orbital (LUMO) should be 

highly polarized when the molecule is in the HS state.

Second, the change in geometry affects strongly the energies of the molecular orbitals. 

Movement of the frontier orbitals nearer to the Fermi level should increase conduction. For 

[Fe(btp)2(NCS)2], the density of states for both occupied and unoccupied orbitals close to the 

Fermi level was calculated to be higher for the HS state. Similar calculations on two SCO 

complexes of the form [FeL2]2+ (L = 2, 2′:6, 2″-terpyridine or L = 2,6-bis(pyrazol-1-yl)) reached 

the same general conclusions and predict that current in the HS state may be as much as three 

orders higher.37 At the electrode interfaces, efficient carrier injection requires that the HOMO (for 

hole injection) or LUMO (for electron injection) be of similar energy as the Fermi energy (work 

function) of electrons in the metal. A change in the energies of the frontier orbitals upon SCO can 

therefore also be imagined to affect the current by modulating the injection efficiency.

Finally, the change in volume that occurs during SCO might simply alter the dimensions of 

the active layer of material. Many conduction mechanisms are severely dependent on the thickness 

of the transport layer such that a small change in thickness could have a measurable impact on 

current through a device.

The interplay of SCO and electrical properties has only begun to be considered heavily 

within the last decade (for a review see Ref. 38). Possibly the earliest investigation of the coupling 

of SCO and electrical conductivity is that by Takahashi et al. in 2006.39 For single crystals of the 

novel complex [Fe(qsal)2][Ni(dmit)2]3∙CH3CN∙H2O (where qsal is the deprotonated form of 

N-(8-quinolyl)salicylaldimine and dmit = 4,5-dithiolato-1,3-dithiole-2-thione) a small hysteresis 
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was noticed in the temperature-dependent resistivity (σ-1). The complex experiences a very gradual

spin transition that stretches from 300 to 50 K, but a small hysteresis occurs between 120 and 90 K.

The hysteresis of the resistivity occurred in this same temperature range and the coincidence was 

taken to indicate that the resistivity was reacting to the change in spin state. Within the hysteresis, 

resistivity was higher during heating, where the LS component is greater. A similar result would be 

found for another Fe(R-qsal)2
+ based material except that an even larger hysteresis was observed for

the conductivity.40

A year later, another Japanese group reported the first vapor deposition of and vertical 

junction device incorporating a SCO complex, this time [Fe(dpp)2](BF4)2 (dpp = 

2,6-di(pyrazollyl)pyridine).41,42 The spin transition in this material (T1/2 ≈ 260 K) is much more 

abrupt than the last. On cooling, the resistance of the thin film increases slowly, peaking near 255 

K. It then slowly declines before increasing suddenly again below 230 K. The small increase of the 

resistivity near the spin transition temperature was taken as evidence of the relationship between 

the resistance and the spin state. In a follow-up paper, the group showed that by doping the material

in an electroluminescent layer, the electroluminescence could be switched on and off by heating 

and cooling the device across T1/2.42 The effect was proven not to be simple quenching of excitons, 

but the mechanism by which the SCO material prevents the electroluminescence of the biased 

device was not established conclusively.

Chronologically, the next report to appear was that of Shi et al. in which the I-V 

characteristic for a vapor deposited thin film of the title complex, FeP2, was given.26 For the first 

time, a mobility was reported for a SCO complex, though only for the HS state. The authors found 

the mobility to be on par with other typical organic semiconductors, e.g. Alq3. The work by Shi et 
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al. largely served as the motivation for the work presented here. However, in the course of this 

endeavor, it was realized that the interpretation of the spectroscopic characterization in that work 

may be in error. These points are discussed throughout the chapters below.

In the time since these early accounts, research into the relationship between a material's 

electrical properties and SCO behavior have spanned in physical scale from bulk powders to the 

single molecule limit. When three different bulk preparations of [Fe(Htrz)2(trz)](BF4) (Htrz = 

1,2,4-4H-triazole), in which the constituent crystallites differed in morphology, were pressed as 

powders or drop-casted films between two stainless steel electrodes, all produced 

temperature-dependent conductivities that were strongly correlated with the SCO event.43 The 

conductivity of the LS state was as much as two orders higher than that of the HS state. This 

result is unexpected given the experiments already mentioned, both theoretical and empirical. Yet,

the behavior was confirmed when the conductivities of nanoparticles (~3 μm) of the same 

material laid across gold electrodes were measured by the same group.44 When the conductivity of a

single 11 nm nanoparticle of [Fe(Htrz)2(trz)](BF4) was measured by a second group, the HS state 

was found to be more conductive, in opposition to the works just mentioned.45 It is likely the case, 

though, that the mechanism of conduction in the single nanoparticle (e.g. tunneling) is not the same

as it is in the larger nanocrystals. It is interesting to note that the behavior of the single nanoparticle

is in agreement with the theoretical studies of single molecules. A fourth study of electrical 

conductivity for this material found that conductivity through ~650 nm long nanoparticles improved

significantly after polling them with higher bias.46 The conduction mechanism might rely on the 

treatment of the sample and the conditions of the electrical characterization as well.

So far, the prediction made in theoretical works that the HOMO-LUMO gap should be 
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smaller for the HS state than for the LS state has been unequivocally confirmed by studies of ultra 

thin films and single molecules. Measurements of the HOMO density of states by UPS of a 7 nm 

SCO thin film and of the UPS and IPES of a 5 nm thin film of an analogous SCO material showed 

the HOMO-LUMO gap is increased in size for the LS state.47,48 This same dependence of the 

HOMO-LUMO gap size on spin state was observed for differential conductance (dI/dV) 

measurements made on bilayer and monolayer films, and on single molecules of the same 

complexes within an STM.49-51 Finally, and importantly, some of these single molecule studies have

demonstrated that it is possible to affect a change in spin state by application of an electric current 

or bias so long as the interaction with the surface is not too great. 27,28,49,52

1.4 Aims of this Work

At the outset, the goal of this work was to investigate the sensitivity of electrical conduction

through FeP2 films to the spin state of those films. FeP2 was chosen because this molecule has 

traditionally been at the forefront of SCO research and has served the community as standard 

reference. A review of the history of FeP2 research would be a review of SCO itself. Its SCO 

properties are by now well-established which will provide a firm foundation from which to explain 

any electrical conductivity effects. Identification of SCO-modulated electrical current could lead to 

applications incorporating SCO materials as passive electrical components. Identification of 

current- or voltage-induced SCO would make these materials useful as active components as well, 

with applications in the realm of memory storage, displays, etc. Since it was discovered that 

physical vapor deposition from FeP2 did not yield FeP2 films, the focus of this work became the 

identification and characterization of the films that were produced. Then, this knowledge would be 
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used to develop a successful method of obtaining FeP2 films so that their electrical properties could

be studied. A tertiary goal of this work was to improve the yields, convenience, and product 

material quality of the FeP2 synthesis.

The characterization of the as-deposited films and the modified vapor-deposition technique 

for producing FeP2 films have already been published.53 The structural and electrical 

characterization of the FeP2 films are the subjects of a forthcoming publication.



20

CHAPTER 2

METHODS, MATERIALS, AND SYNTHESES

2.1 Details of the Physical Vapor Deposition System

The physical vapor deposition system consists of a stainless steel domed chamber with a 

glass viewport, resistive heating elements for subliming materials, a quartz crystal microbalance 

(QCM) for monitoring deposition rates, associated vacuum pumps for maintaining the system at 

low pressure, and various accessories (Figure 2.1). Two shutters are operable from outside of the 

deposition chamber and allow the ability to quickly start/stop deposition to the sample surface as 

well as to cover samples in sequence in order that the film thickness may be varied among multiple 

samples in a single batch. Patterning of films on the samples was achieved by the use of thin Ti 

shadow masks (Figure 2.2). A high current power supply feeds electrical current to three 

electrodes, one being a common ground, that allow the selective heating of two different deposition 

boats during a single deposition. Another set of low power electrical feedthroughs were used here 

to provide power to a heater used to control substrate temperature. Additionally, feedthroughs for 

two thermocouples are present.

Film thicknesses reported by the QCM were independently verified by profilometry when 

possible (Dektak IIA). Standard densities and z-ratios were used for LiF and Al. Typical deposition

rates were < 0.1 Å/s and 1 Å/s, respectively. For FeP2, a z-ratio of 1 and density of 1.5 g/cm3 was 

used. These parameters were not optimized and tended to overestimate the film thickness by a 



Figure  2.1. Details  of  the  physical  vapor
deposition  system.  Clockwise  from
bottom-left  corner  are  a  schematic  of  the
deposition chamber, the view from outside of
the  chamber,  and  the  view  inside  the
chamber  seen  through  the  top  viewport
window  (with  sample  holder  and  primary
shutter  removed).  The  various  components
are labeled as:

(a) viewport window
(b) sample holder, optionally heated
(c) secondary shutter, moves laterally
(d) deposition boat
(e) primary shutter, rotates in plane
(f) high current power supply
(g) QCM controller
(h) temperature controller  and  power  supply

for sample heater
(i) QCM sensor
(j) beaker  covering  deposition  boat  (see

Chapter 4)
(k) electrical feedthroughs for sample heater
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Figure 2.2. The Al sample holder used during deposition of films along with three shadow masks
made of thin Ti. Two 1 x 1 cm2 Si wafers are shown resting inside the sample holder. Each has had
an Al film deposited through masks. Small nuts and bolts  are used to attach the masks to the
sample holder.
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factor of two to three. Though the absolute deposition rate achieved when depositing from FeP2 

was unknown, the rate was found to be difficult to control anyway (see Chapter 3).

Materials were deposited from tungsten boats. In the case of Al deposition, the boats used 

are coated with an Al2O3 layer that prevents alloying with the boat. When FeP2 is deposited, boats 

were lined each time with clean Al foil so that charred material was not left on the deposition boat 

that was reused. A base pressure of 10-7 Torr is achieved via an oil diffusion pump with a liquid 

nitrogen cooled cryotrap. Pressures during sublimation were maintained near 10-6 Torr.

When samples were to be annealed in situ during or following the deposition, samples were 

clipped to a copper block with an internal cartridge heater (12V, 400W) made for this purpose. 

Sample temperatures were monitored by a thermocouple clipped to the surface of one of the 

samples. The sample heater was controlled by a PID temperature controller and powered by an 

operational amplifier. Glass sheets buffered the sample surfaces from the metal retaining clips 

preventing significant heat transfer through the clips and uneven heating. The pressure with which 

samples were held to the Cu heater was found to impact their surface temperatures greatly. In order

to distribute the force from the clips evenly among samples, crumpled wads of Al foil were placed 

between the clips and the glass slides. These measures were found necessary to achieve uniform 

films and reproducibility within a batch and across depositions. Samples were allowed to cool to at 

least 30 °C before the chamber was opened following annealing. Cooling usually requiring several 

hours during which high vacuum was maintained. When depositing multiple layers from FeP2, 

samples were allowed to cool to 30 °C between successive depositions.
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2.2 Details of the Electrical Characterization System

Within the custom-built electrical characterization system, samples are held under vacuum 

(10-2 Torr) in a small chamber and mounted on a copper cold head (Figure 2.3). Samples are 

cooled through conduction of heat through the cold head which is removed by the flow of He from 

a closed-cycle refrigerator. To achieve a desired temperature a small heating element balances the 

cooling from the chiller. A cryogenic temperature controller (Model 32B, Cryogenic Control 

Systems, Rancho Santa Fe, CA, USA) was used to set the temperature either manually or 

programmatically. For this purpose, a custom software interface was built. When the temperature 

was selected either at the controller or via the software interface the reading was monitored and 

stability was decided by the user. In this case, the temperature is assumed to be accurate to within 

±2 K. Alternatively, the temperature controller was operated through a Python script attached to 

graphing software. The script allowed careful control of the temperature to within ±0.5 K.

Current-voltage (I-V) characteristics were measured with a general purpose source meter 

(Model 2400 Keithley Instruments, Cleveland, OH, USA). Sweeps were made starting at zero 

applied bias and increasing in magnitude. The resulting current at each voltage was recorded. When

single sweeps were required, a custom-built software interface was used to program and read data 

from the sourcemeter. In later experiments, where sweeps were made as a function of temperature 

and experiments sometimes required 30 hours or more, the custom Python script mentioned above 

performed the scanning automatically at each temperature. There is no difference in scans 

measured in either way. The resistances of the measured devices were > 106 Ω while the total 

resistance of wiring and contacts was found to be less than 100 Ω. As expected, measurement in a 



Figure 2.3. The cryostat used for making temperature-dependent electrical measurements (top).
The  samples  are  mounted  to  the  cold  head  contained  within  the  evacuated  sample  chamber
(bottom). Not visible is the primary thermocouple located on the underside of the cold head.
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4-wire configuration had no advantage over a 2-wire configuration and the latter was used here in 

order to use the limited electrical feedthroughs most efficiently.

2.3 Details of Other Instrumentation

Thermogravimetric analyses (TGA) of the FeP2 powder was performed using a TGA 2950 

(TA Instruments, New Castle, DE, USA) under an air atmosphere and measured in a dynamic 

heating regime. The roughly 2 mg sample was heated from 20 to 400 °C under a constant heating 

ramp of 5 °C/min with a 30 min isotherm at 75 °C.

FT-IR spectra were collected in both transmission and ATR modes using a Jasco 

FT/IR-4100 spectrometer (Jasco Analytical Instruments, Easton, MD, USA) at 4 cm-1 resolution. 

Typically, 256 scans were averaged. For transmission experiments, either KBr crystals or Si 

substrates were used. Raman spectra (Jobin Yvon LabRam HR800 UV, Horiba Scientific, Kyoto, 

Japan) were collected by sending the 632.8 nm laser light through the 10X, 50X, and 100X 

objectives of a confocal microscope. Powder samples were packed into small metal pans and 

rotated during analysis. Films could be analyzed without damage resulting from the laser by careful 

selection of the microscope objective and sampling time. The vibrational spectra presented in this 

work have been adjusted (baselines straightened, normalized) in order that they might be more 

conveniently plotted and interpreted.

UV-Vis absorption analysis was made with a Varian Cary 50 UV-Vis pseudo-double beam 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Ethanolic solutions of FeP3 

were recorded in quartz glass cuvettes. The spectrum of FeP2 could not be collected because a 

suitable solvent could not be identified. Glass slides were used as substrates for thin films. X-ray 
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photoelectron spectra were collected using the Kratos Axis Ultra 165 spectrometer (Kratos 

Analytical, Manchester, United Kingdom) housed in the Central Analytical Facility at The 

University of Alabama which has a 165 mm mean radius hemispherical analyzer and 8 channeltron

detectors. Samples were excited with monochromatic Al Kα radiation (1486.6 eV) from an Al 

target (12 kV, 12 mA). Films were deposited onto conductive ITO-coated glass substrates or 

Al-coated Si substrates. Powders were scraped onto double-sided Cu tape. The offset of the C(1s) 

line from 285 eV was measured in high resolution spectra of the C(1s) region and this offset was 

applied to the other high resolution scans.

Magnetometry of the FeP2 film (300 to 500 nm estimated thickness) deposited on a 6 x 6 

mm2 Si wafer was performed at The University of New Orleans using an MPMS-XL 

superconducting quantum interference device (SQUID) magnetometer (Quantum Design, San 

Diego, CA, USA) with the DC head option. The applied field was 5000 Oe. Magnetic data was 

obtained in the condition of in-plane cooling in 1 K steps at a rate of 0.5 K/min. After analysis, the 

substrate was cleaned, measured independently, and its signal subtracted from that of the film. 

Measurement by SQUID of ~ 10 mg of FeP2 powder was performed at The University of Alabama

also on an MPMS magnetometer. In this case, scans were collected every 10 K on cooling while a 

1000 Oe field was applied.

AFM images of films grown on Al/LiF electrodes on Si wafers or on bare Si wafers were 

collected using a Digital Instruments 3100 Dimension AFM with a NanoScope IV controller 

(Bruker, formerly Veeco, Billerica, MA, USA). Images were taken with high aspect ratio probes 

(tip radius 10 → 15 nm) in the intermittent contact mode. Software processing of images was used 

to remove line scars and to level scans (http://gwyddion.net/).
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2.4 [Fe(phen)3](SCN)2

In discussing FeP3 (Figure 2.4), it is perhaps appropriate to begin the discussion with the 

cation, [Fe(phen)3]2+, for it is the cation that dominates the properties of the molecule. Many 

[Fe(phen)3]2+ salts exist and their chemistries are generally the same. The cation is known 

traditionally as ferroin. The oxidized, Fe(III) form of the cation is appropriately known as ferriin. 

The ferroin-ferriin redox couple forms the basis of a common redox colormetric indicator system 

(Figure 2.5). Notably, ferroin-ferriin provides the means for visualizing the dynamic oscillations in 

the famous Belousov-Zhabotinsky reactions. In one novel application, the color changing 

ferroin-ferrin system was exploited as the active element in an electrochromic display.54 By itself, 

ferroin is commonly found in analytical chemistry experiments as a means for detection of Fe(II). 

Upon dissolution of a sample containing Fe(II) (or Fe(III) with an appropriate reducing agent), 

addition of phen forms the ferroin complex immediately and quantitatively. The concentration of 

Fe(II) in the sample is then determined by measuring the absorption of the solution at λMAX = 510 

nm. This strong absorption band stems from a metal-to-ligand charge transfer excitation.55,56 Only 

one crystal structure of the dithiocyanato complex exists in the Cambridge Structural Database.57 In

the trihydrate crystal, the complex is distorted from ideal octahedral geometry. FeP3 is chiral and 

the trihydrate crystal is racemic.

At all temperatures at which the complex is stable, it is found in a LS state. It must be noted

however, that the strong ligand field imposed by the tris-phenanthroline coordination does not 

preclude SCO behavior, at least not as a single factor. By following the calculations in Ref. 58 it is 

possible to estimate that the HS state of FeP3 lies ~ 3500 cm-1 above the LS state and SCO should 



Figure 2.4. Molecular structures for FeP3 (top) and the title complex FeP2 (bottom).
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Figure 2.5. A ferroin solution (a) and the same solution after oxidation with KMnO4 at low pH to
form a ferriin solution (b).
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occur for the complex around 700 K.58 Of course, such a high temperature is not accessible to this 

material. Still, it might be considered a starting point from which the spin transition temperature 

may be tuned by ligand modification. For example, [Fe(2-me-phen)3]2+ (2-me-phen = 

2-methyl-phenanthroline) salts are SCO-active with spin transition temperatures below 300 K.59 

Apparently, the steric repulsion introduced by the methyl group lowers the ligand field to the 

necessary range for SCO to occur without thermal decomposition. One can imagine that with the 

right chemical modification, [Fe(R-phen)3]2+ based salts might display SCO even at room 

temperature. With proper crystal design, a hysteresis might even be introduced. Additionally, the 

HS state of [Fe(phen)3]2+ is at least optically accessible, though the lifetime is only on the order of 

nanoseconds.56,60

In this work, films of FeP3 will be deposited and used as organic semiconductors in vertical

junction devices (see Chapters 3 and 5). This represents the first time that FeP3 has been used as 

an active layer in such a device. However, it is not the first ferroin-based material to find its way 

into the realm of vertical, thin film, transport measurements. In devices of the geometry ITO/

[Fe(phen)3]Cl2/Al, in which the organometallic film was spin-coated, the ferroin-based complex 

performed as a p-type semiconductor with a mobility of around 1 x 10-5 cm2/V·s.61 The mobility 

was found to be strongly temperature-dependent. Results remarkably similar to these are presented 

in Chapter 5 for FeP3.

2.5 Fe(phen)2(NCS)2 

The role of the title complex (Figure 2.4) with respect to the development of the 

understanding of SCO phenomenon cannot be overstated. FeP2 was the first synthetically derived 
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SCO complex.62 Since the discovery of its unusual magnetic behavior - an abrupt change in spin 

state at 175 K - it has frequently been the molecule in which various SCO effects were first shown. 

Despite its poor solubility, FeP2 has been chosen time and time again probably because of its ease 

of preparation, its highly cooperative spin transition, and because that transition lies within a 

convenient temperature range (accessible by liquid nitrogen cooling). Only recently has FeP2 been 

displaced in popularity by other SCO complexes. The attention of the SCO community has shifted 

to the nanoscale and the fabrication of thin films and nanoparticles. Solution-based film processing 

techniques are generally not possible with FeP2 because of its low solubility in common solvents. 

In fact, instead of dissolution, restructuring of FeP2 to the tris cation frequently occurs, especially 

when water is present, even at low levels.62,63 The author is aware of only one report in which FeP2 

was successfully dissolved in DMSO but attempts to do the same were unsuccessful.21 Additionally,

while FeP2 was the first SCO material reported to be successfully vapor deposited, others have 

reported that decomposition occurs during processing.25,26 In fact, the challenges associated with the

vapor deposition of FeP2 are the subject of this work. In Chapter 4 it is shown that thin films of 

FeP2 can be obtained by a modified vapor deposition and annealing process.

The first preparations of FeP2 come from two closely timed papers in 1963 from Baker and

Bobonich and from Madeja and König.64,65 These authors would go on to establish much of the 

fundamental understanding of the SCO phenomenon. Madeja and König recognized that the fields 

presented by phen ligands should lie near the threshold level where the octahedral splitting energy 

approached the spin pairing energy and that either the HS or LS state might be possible for 

bis-phen complexes.65 But, it was Baker and Bobonich who first observed the SCO phenomenon in 

FeP2.62 Because of faulty Mössbauer spectroscopy and a flawed interpretation of vibrational 



33

spectra, they proposed a binuclear polymeric structure within which exchange interactions modified

the overall magnetic response depending on temperature. The invalidity of those ideas was 

recognized by them in a subsequent paper.66 On the other hand, Madeja and König identified a 

change in spin state between the 5T2 state at high temperature and the 1A1 spin state at low 

temperature as the cause of the unusual magnetic behavior.67 Confirmation of that proposal was 

provided by Mössbauer spectroscopy and NMR in another study.68 As for the origin of the change 

in spin state, it was natural to suggest that a phase change might occur at the critical temperature.69 

Powder x-ray diffraction (XRD) by Madeja and König showed this was not the case and instead 

explained that the explanation lay in the relatively close energy spacing of the two electronic 

configurations.70

The relationship of SCO to molecular structure was noticed early on. Madeja and König 

correctly predicted that a change in the Fe-N bond lengths should result from population of the eg 

orbitals.70 From the discontinuity in the temperature-dependent heat capacity curve, Sorai and Seki 

determined ΔHHS-LS = 8.607 kJ/mol and ΔS = 48.78 J/mol·K.4,71 Importantly, they estimated the 

electronic component of the entropy to be only about 27 % of the total - the remainder coming 

from molecular and lattice vibrations. Other authors would later use computational methods to 

show that the vibrational component was dominated by the shift to lower energies of the lowest 

energy vibrational modes, especially the Fe-N stretching modes.72,73 The changes in the Fe-N bond 

lengths predicted by Madeja and König were shown directly by the temperature dependent 

single-crystal XRD of Gallois et al. in 1990.74 The crystal in this study was grown via slow diffusion

and precipitation in methanol. It possessed the magnetic properties of the so-called "polymorph II" 

(see below) of FeP2 and was assigned as such by the authors. A crystal structure for "polymorph I" 



34

has yet to be reported. However, the crystal structure of "polymorph I" of Fe(phen)2(NCSe)2 is 

known and is expected to be isostructural with "polymorph I" of FeP2. In this case, measurement 

was made possible because of the intense x-ray beam from a synchrotron source.75 The crystals 

analyzed were no more than 60 μm long in any one dimension and about 1/50th the size of the 

crystals used by Gallois et al.

The modern era of FeP2 research began around 2008, the year in which the first thin film 

was produced from the material.21 The soft lithographic techniques of MIMIC and LCW were used

to pattern the material from a solution in DMSO with feature sizes as narrow as 1 μm. FeP2 

became the first SCO material to be vapor deposited in 2009.25,26 Since then ca. one monolayer thin

films have been used to show that SCO molecules directly in contact with an otherwise compatible 

substrate are often present in a mixture of HS and LS states.76,27 Molecules in contact with a less 

reactive substrate (e.g. CuN or HOPG) or located above the first monolayer can be switched 

individually by application of an electrical bias.27,29 Finally, within the past year, a calculated 

density of states has been reported for FeP2.77 Since the HOMO-LUMO gap is smaller for the HS 

case and the number of occupied and unoccupied states near the Fermi level is higher for the HS 

state, conduction through the HS state is expected to be higher than through molecules of the LS 

state. Additionally, these densities of states in the HS molecule are comprised mainly of β 

electrons. Therefore, conduction in HS FeP2 is also likely spin-dependent. The electrical 

measurements made on FeP2 films in this work are the first step in verifying those theoretical 

predictions and perhaps in expanding FeP2 research further toward the goal of commercial 

application.
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2.6 Synthesis of Fe(phen)2(NCS)2 

Within the literature there can be found three primary routes of synthesis for FeP2. The 

simplest of these is direct precipitation from water or methanol. Both of the other methods begin 

with the preparation of FeP3 that is also easily prepared from aqueous precipitation. In the first, 

referred to here as the solvent extraction method, the FeP3 reagent is refluxed in an organic solvent 

until a phen ligand has been cleaved and FeP2 remains.78 This synthesis is known to yield the 

highest quality FeP2 in that the spin transition observed for the material is the most abrupt and 

complete at both high and low temperatures. The performance of the material has been ascribed to 

its high degree of crystallinity and is typically referred to as "polymorph I".79,80 The drawbacks of 

this method include the use of precarious organic solvents (e.g. pyridine) and the time required (~1 

week reflux). For these reasons this method was avoided here. Instead, a third route was employed. 

In the chosen method FeP3 is pyrolyzed in vacuum to yield FeP2. 

The pyrolyzation method is that of Akabori et al.81 To water, stoichiometric amounts of 

Fe(NH4)2(SO4)2∙6H2O and phen are added to water along with an excess of NaSCN (or KSCN). As

soon as the third component is added, a dark red precipitate forms and is collected by filtration. In 

the preparations performed here, the solid FeP3 was rinsed with ethanol and water, dried in a lab 

oven, and used without further recrystallization. Yields were typically 25 to 30 %. Elemental 

analysis combined with various spectroscopies confirmed the chemical make-up for FeP3. Akabori 

et al. showed that when heated in a vacuum, tris Fe(phen)3
2+ solids can undergo thermal 

decomposition, release a phen ligand from each molecule, and form FeP2 through coordination of 

the anions to the metal center. Here, pyrolyzation was carried out in an evacuated tube furnace (ca. 

10-2 Torr) at 190 °C overnight. The mass lost during the pyrolyzation was the magnitude expected 
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for the loss of 1/3 of the phen ligands in the complex. Figure 2.6 shows the mass lost by FeP3 as a 

function of temperature as it is heated in air. The identity of the product of pyrolysis was confirmed

by elemental analysis and by comparison of many spectroscopic measurements with the literature. 

Overall yield was limited only by the initial yield of the FeP3 precipitation reaction. The product 

that results from this synthesis exhibits a cooperative spin transition but with some residual HS 

component at low temperature. The lower quality FeP2 is often referred to as "polymorph II." It 

should be noted though that the two forms of FeP2 are not necessarily polymorphs in the 

traditional sense. Indeed, outside of their magnetic properties, the two materials are nearly 

indistinguishable by  spectroscopic comparison. It has been shown that the primary difference 

between these materials is the crystalline quality of the powders and the degree to which defects are

present.80

Synthesis of FeP2 by direct precipitation from solution also produces a material of 

substandard crystallinity, i.e. "polymorph II." It begs the question as to why the thermal 

decomposition method was chosen in favor of a seemingly simpler method that produces product 

of the same quality. In fact, initial attempts at direct, one-pot syntheses of FeP2 were attempted, 

and were unsuccessful. Instead of FeP2, synthesis by precipitation yielded largely FeP3. If one 

compares the single-pot, aqueous synthesis of FeP2 given by Schilt and Fritsch to the aqueous 

precipitation of FeP3 used by Akabori, et al. few differences are found, only the addition of a small

amount of weak acid after the Fe2+ and phen have been combined (this point is important later) and 

an aging step.82 By the former's admission, the precipitate is impure until the powder has been aged

for a sufficient period. Even in following the procedure of Schilt and Fritsch to the letter, the 

compound produced here was always FeP3, at least in majority. Whatever preparation method was 



Figure 2.6. The result of a TGA experiment in air starting with FeP3. The initial mass loss is
equivalent  to  a  single  phenanthroline  molecule  while  the  second  mass  loss  indicates  the
simultaneous ejection of the remaining two phen ligands.
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used, careful examination of the Raman and FT-IR spectroscopy revealed that the FeP3 precipitate

contained traces of FeP2 (spectra in Chapter 3).

Review of the earlier FeP2 literature finds some confusion among those pioneering 

scientists concerning the products produced during their attempts to synthesize FeP2 by 

precipitation.82-87 Often times red complexes (FeP2 is purple) with triplet ground states, and 

lacking the characteristic ν(N-CS) doublet in the vibrational spectra are presented as various 

hydrates of FeP2. After recognizing that precipitation reactions sometimes produce both FeP2 and 

FeP3, it seems likely that these authors were suffering from product impurities, probably mixtures 

of FeP2 and FeP3 , or even co-crystals or solid solutions. Many of those authors relied on 

elemental analysis in order to assign chemical identity, a practice which is unreliable.

Instead of abandoning the aqueous precipitation method completely, small empirical tests 

were performed on many trials. Two general observations were made: 1) an excess of Fe2+ 

improved yield and 2) addition of a small amount of acid to the main reaction vessel at the 

beginning of the synthesis resulted in a single product, purple FeP2, being produced. These two 

observations are easy to rationalize. The reaction of Fe2+, phen, and thiocyanate anion can 

reasonably presumed to follow Scheme 2.1. Phenanthroline ligands are sequentially added to the 

metal until [Fe(phen)3]2+ is fully formed (reactions (a), (b1), and (c1)). At that step, and after the 

formation of the mono and bis cations, reaction with SCN- can occur yielding one of the 

dithiocyanato complexes (reactions (b2), (c2), and (d) ). Under normal conditions, reactions (a), 

(b1), and (c1) happen in quick succession and the ferroin cation is formed quickly and 

quantitatively. The total equilibrium constant of those three reactions together is around 1022.88 At 

high starting concentrations of Fe2+, phen, and SCN-, the product yield will exceed the solubility 
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and FeP3 will precipitate in reaction (d). Now, if acid is present, the ferroin cation might undergo 

dissociation following

[Fe(phen)3]2+  +  3H+  ⇋  Fe2+  +  3(H-phen+) (2.1)

The equilibrium constant for Equation 2.1 can be written as:

Keq  =  [Fe2+] [H-phen+]3  /  [Fe(phen)3
2+] [H+]3 (2.2)

The dependence of the ferroin cation concentration on the acid concentration is then:

[Fe(phen)3
2+]  ∝  [H+]-3 (2.3)

Addition of acid at the beginning of the synthesis will hinder the formation of the ferroin cation 

severely. The instantaneous concentration of ferroin is unlikely to exceed the solubility and little to 

no precipitation of FeP3 is expected. On the other hand, the kinetically slower reaction of the bis 

cation with the SCN- (reaction c2) now has an opportunity to proceed. As this precipitation occurs, 

product is removed from solution, pulling the equilibrium toward the formation of more FeP2 until 

all reagents are consumed. Finally, beginning with an excess of Fe2+ will, through Le Chatelier's 

principle, improve the yields of both FeP2 and FeP3. The end result is a mostly pure FeP2 product 

in high yield. Putting this together, a new synthesis procedure was designed:

1. To 100 mL H2O, 1 mL of 1.8 M H2SO4 is added.

2. Fe(NH4)2(SO4)2∙6H2O, NaSCN, and phen∙H2O are measured so that the ratio of 
Fe2+:phen:SCN- is 2:1:5.

3. The phen∙H2O is dissolved in the acidified water by applying gentle heating. The solution is 
allowed to cool to room temperature.

4. The Fe(NH4)2(SO4)2∙6H2O and NaSCN are dissolved in 15 mL H2O.



Scheme 2.1. Sequential reaction with phen yields the mono (a), bis (b1), and tris (c1) cations. Reaction with thiocyanate after each step
potentially yields the mono (b2), bis (c2), and tris (d) dithiocyanato complexes.
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5. The two solutions are combined slowly.

6. The purple precipitate that forms is collected by gravity filtration, rinsed with water, and 
placed in the laboratory oven at 80 to 100 °C for at least 1 hr.

The FeP2 product created in > 95% yield by this procedure is relatively pure. In this work, 

the FeP2 material used for deposition of thin films was created by thermal decomposition of FeP3 

following Akabori et al., or by the method listed above.81

2.7 Summary

The two storied complexes FeP3 and FeP2 are closely related, so much so that the synthesis

of one is tied to the synthesis of the other.  In the solvent extraction method and the thermal 

decomposition method, FeP2 is produced from FeP3 by removal of a single phen ligand and 

coordination of the thiocyanate ligands to the metal center. During a precipitation synthesis of 

either, mixtures of these two complexes can result. A modified precipitation synthesis procedure 

has been developed for FeP2 which increases the yield to a maximum and requires only a single 

step.
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CHAPTER 3

PREPARATION AND CHARACTERIZATION OF [Fe(phen)3](SCN)2 FILMS

3.1 Physical Vapor Deposition of Films from Fe(phen)2(NCS)2

In following the report from Shi et al., it was attempted to grow FeP2 thin films by physical 

vapor deposition directly from FeP2 powder.26 Deposition was carried out within the vacuum 

deposition chamber described in Chapter 1. The conditions of this system are similar to the 

conditions reported by those authors. FeP2 powder was loaded into a cleaned deposition boat and 

heated resistively. The temperature of the powder in the boat was not controlled accurately. Rather,

the power to the boat was manually adjusted in attempting to maintain a desired deposition rate, as 

measured by the QCM. However, a consistent rate was nearly impossible to maintain due to the 

erratic vaporization of the material.

The deposition boat can be monitored during the deposition by looking through the 

chamber window. At the conditions employed here, deposition begins when the FeP2 powder 

liquefies suddenly in random spots. The liquid that forms evaporates quickly and produces a rapid 

burst of film growth where the deposition rate correlates with the size of patch of material that has 

vaporized. These bursts of film growth usually occur soon after each power increase but cease 

when that power level is maintained such that increasingly higher power levels (boat temperatures) 

are required to deposit all of the material from the boat. In addition, the powder is observed to turn

from its purple color to a light orange around the edges of piles of powder.
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QCM parameters were not calibrated but a z-ratio of 1.00 and a density of 1.50 g/cm3 are 

found to yield films of roughly two to three times the indicated thickness. Actual film thicknesses

were determined directly ex-situ by profilometry. To this end, masking the substrates with a thin 

(40 μm diameter) wire produces trenches with sharp profiles well-suited for profilometry.

3.2 Topography and Air Sensitivity

While difficult to control, the erratic deposition process described yields high quality films 

of an intense red color. AFM reveals that the films are smooth at the nanoscale and the RMS 

roughness is typically around 1 nm (Figure 3.1). While initially smooth, the films produced as 

described above suffer severe changes in morphology upon exposure to air. In most cases, these 

changes manifest as nucleation and growth of rough circular domains that increase in size until the 

entire sample surface is no longer smooth (Figure 3.2). In the case of thicker films, dewetting of the

film from the sample surface sometimes occurs leaving isolated blobs that are liquiform in 

appearance. Micrographs of dewetted films are presented in Figure 3.3. The rate of change is 

slower for samples that are allowed to cool for several hours before removal from the chamber and 

even for films in the process of rapid transformation, removal to a low moisture, low oxygen 

nitrogen atmosphere (i.e. a glove box) halts any changes. Likewise, while under vacuum films 

remain smooth.

Observation of air sensitive films deposited from FeP2 is not unprecedented. Shi et al. 

reported that films produced in the same manner were "smooth with no visible grains" with RMS 

roughnesses less than 1 nm.26 But, the authors noted that "the film morphology is sensitive to the 

environment and becomes coarse when exposed to air." The exact origin of these morphological 



Figure 3.1. AFM topography scan of a ~20 nm red film deposited from FeP2 onto a Si substrate 
(a) and the corresponding height distribution of the pixels in the image (b). Greater than 99% of 
pixels lie within 2 nm (height) of each other. The film was scanned within 1 hour of removal from 
vacuum before it had roughened from exposure to air.
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Figure 3.2. Optical micrographs (10x) of a red film deposited from FeP2 onto gold (top) taken
shortly after removal from the deposition chamber (a) and after being exposed to air for 140 min
(b). A time-lapse video of this sample is available as Supplemental File S1.  Bottom frames show
optical micrographs (10x) from a second sample of a red film on a Si substrate taken shortly after
removal from the deposition chamber (c) and after only 3 min exposure to air. The small black
circles are areas where the film has dewetted from the Si surface.
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Figure  3.3. Examples  of  morphological  changes  in  films  deposited  from FeP2  that  occur  on
exposure  to  air.  Top  panels  show  examples  of  dewetting  (a)  and  crystallization  (b)  in  films
deposited onto Si and Si/Al, respectively. Bottom panels show both dewetting and crystallization
occurring simultaneously in a single film on a Si/Al substrate after ~ 30 min of air exposure (c) and
again after 24 hrs (d). The images in panels a and b were captured through the camera of the AFM.
A time-lapse movie of the changes occurring in panel c is available as Supplemental File S2.
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changes was not intensely investigated here, but it is hypothesized that the instigator of the air 

sensitivity is water vapor. Oxygen gas is another possible suspect. Any reaction with oxygen is 

almost certainly to be chemical in nature but no chemical difference between the smooth and 

roughened films is seen in the spectroscopy. Hence, water vapor is the more likely candidate.

The problem of air sensitivity of films deposited from FeP2 is ameliorated by a 

post-deposition, in situ annealing step. The development and details of this process can be found in 

Chapter 4. From the observations presented therein, it is hypothesized that the air sensitivity of the 

films is related to the presence of a phen impurity in the films. Upon exposure to water vapor, 

highly hygroscopic phen might undergo crystallization. The post-annealing process is believed to 

improve air-durability by expunging any phen impurity. Encapsulation of films may also provide 

adequate protection.26 Attempts to protect films with top layers of LiF only marginally increased 

survival time.

Powder x-ray diffraction of a freshly prepared, smooth, post-annealed film on Si exhibits no

discernible Bragg reflections but a roughened film shows the spectrum in Figure 3.4. The reflections

do not appear to match that expected for phen.89 Of course, the films cannot be pure phen (owing, 

at least, to the color) and a mixture of species might produce a crystal structure unseen in previous 

studies. The major peaks in the spectrum occur below 15° 2θ which means that the d-spacing 

between the observed Miller planes is large. The crystalline material is therefore molecular. That 

relatively few planes are observed might indicate textured crystalline domains. Further investigation

into the exact nature of the air sensitive films was not undertaken once the post-annealing process 

was discovered to remove the sensitivity. It is believed that post-annealed films are amorphous and 

of a single component.



Figure 3.4. X-ray diffraction (Cu Kα) spectrum of a red film deposited from FeP2 onto a glass
substrate (top) compared to that of FeP3 powder (bottom). The film spectrum was collected after
the film had roughened due to air exposure.
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3.3 Ultraviolet-Visible Spectroscopy

The UV-Vis absorption spectra of the films deposited from FeP2 were measured by 

depositing thick films onto a glass substrate and measuring in the normal transmission mode. Figure

3.5 compares a resulting spectrum to the spectrum from the Fe(phen)3
2+ cation collected by 

dissolving FeP3 powder in ethanol. For the films on glass, absorption below 350 nm is from the 

glass substrate. In the spectrum of the tris cation presented, the extremely strong absorbance below 

350 nm due to the phen ligands is omitted for clarity.90

The strong band at 510 nm in the spectrum of the ferroin cation gives rise to its intense red 

color and forms the basis of a common spectrophotometric test for iron.91-94 The origin of this band

is a metal-to-ligand-charge-transfer (MLCT) of an electron from an Fe d6 orbital to a π* orbital of 

a phen ligand.55,56 The higher energy shoulders at 443 and 481 nm have been attributed to vibronic 

coupling with the 1505 cm-1 vibrational mode based on their near constant energy spacing and with 

the 1635 cm-1 mode based on the results of a resonant Raman spectroscopy experiment.55,95 

However, Ito et al. have given evidence that a second charge transfer mode may also contribute to 

the low energy peak intensity.90

Whatever the origin of the complex energy structure of the ferroin cation in the visible 

region, that structure is largely preserved in the films deposited from FeP2. The wavelength of 

maximum absorption is shifted 13 nm to 523 nm. The two shoulders each experience similar shifts 

to 453 and 492 nm. The energy difference in wavenumbers between the two shoulders is 1783 and 

1750 cm-1 in the ferroin cation and the film, respectively. The energy difference in wavenumbers 

between the lower energy shoulder and the main absorption band is 1182 and 1205 cm-1 for the 



Figure 3.5. UV-Vis spectra of [Fe(phen)3]2+ ions in ethanol (top) and of a red film deposited from
FeP2 onto glass (bottom). Absorbance maxima occur at λMAX = 510 and 523 nm, respectively.
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cation and the film, respectively. Given the uncertainty in determining the positions of the 

shoulders, energy spacings can be considered equivalent between the cation and the film. Thus, the 

electronic structure of the film matches with that of the ferroin cation but with a minor shift of 

about 13 nm (~500 cm-1) to lower energy.

A small shift in peak positions should not be surprising when comparing the solid state of a 

species with a solvated state where solvent effects are likely to perturb the electron orbitals through 

intermolecular interactions. If the high energy shoulders are in fact a result of electronic-vibronic 

coupling, the retention of these shoulders without significant modification suggests that the 

vibrational modes of the ferroin cation and film are also very similar, at least. Therefore, the 

transmission UV-Vis spectra strongly suggest that the species within the films deposited from FeP2 

contain the ferroin cation. If this is true, the most likely anion to be produced from decomposition 

of FeP2 during deposition is the thiocyanate anion and films are likely FeP3. More evidence to this 

conclusion is provided in this chapter.

Shi et al. also measured the UV-Vis transmission spectra of films deposited onto glass from 

FeP2 and at different thicknesses (530, 230, 48, 11, and 7 nm).26 Except for the expected change in

intensity, those spectra are identical at all measured thicknesses and perfectly consistent with the 

spectrum of the thin film deposited from FeP2 in this work. If one plots the absorbance of the 

films (at λMAX = 523 nm) in that work as a function of thickness one finds a slope of roughly 2.2e4 

cm-1 (Figure 3.6). The slope represents the product of the extinction coefficient and concentration, 

i.e. the density, of the absorbing species. For FeP3, this product is expected to be about 2.2e4 cm-1 

given that the density of IP3 is 1.43 g/cm3 (or 2.01 M) and the extinction coefficient in solution is 



Figure 3.6. Absorbance vs. film thickness for films deposited on glass from FeP2. Data points were
extracted from Figure 3 in Ref.  26 using image analysis software. The dashed line represents a
linear fit to the data (slope = 2.2e4 cm-1, y-intercept = 5.2e-2).
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about 11,000 cm-1 M-1.55 This analysis suggests that the films measured by Shi et al. and that 

measured in this work can reasonably be identified as FeP3. 

3.4 Vibrational Spectroscopy

The FT-IR spectra of FeP3 powder and of a red film deposited from FeP2 onto a Si wafer 

are compared in Figure 3.7. The powder spectrum was collected by ATR FT-IR while the film 

spectrum was collected in transmission mode through the Si substrate which is largely transparent 

to infrared radiation in the region shown. The absorbance from the native oxide of the Si wafer 

near 1100 cm-1 has been removed from the film spectrum. A list of peak positions for the FeP3 

powder and another red film on KBr are given in Table 3.1.

For FeP3, the region from 1800 to 900 cm-1 is comprised entirely of ligand modes. Above 

and below this region, the thiocyanate ligands are expected to exhibit three modes: the N-CS 

stretch, the NC-S stretch, and a bending mode, the last of which occurs outside of the mid-IR 

region shown.96 The N-CS stretch is the easiest to identify and is observed at 2048 cm-1 which is 

expected for uncoordinated SCN-. For comparison, the N-CS stretch is found at 2049 cm-1 in the 

ionic compounds KSCN and NH4SCN.97,98 In the synthesized FeP3 powder, an energy shoulder 

appears to also be present suggesting contamination by thiocyanate in another bonding 

environment. The Raman spectrum of the FeP3 powder shown in Figures 3.8 and 3.9 and 

discussed below suggests that FeP2 contamination is present in the precipitated and unpurified 

material. The FeP2 molecule exhibits two N-CS modes at 2072 and 2060 cm-1 and its presence as 

an impurity in the FeP3 powder could account for the high energy shoulder of the 2048 cm-1 peak. 

The red film shows only a single peak in the N-CS stretching region at 2050 cm-1. This energy is 



Figure 3.7. FT-IR spectra of FeP3 powder (bottom) compared with a red film deposited from FeP2 onto a Si substrate (top) in the
region from 680 to 2300 cm-1. The SiO2 absorption of the substrate in the region near 1100 to 1200 cm -1 has been removed from the top
trace.
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Table 3.1. Peak positions and peak assignments from the vibrational spectroscopy of FeP3 
powder compared to red filmsa deposited from FeP2.

Fe[(phen)3](NCS)2 red film Fe[(phen)3](NCS)2 red film

IR Raman IR Raman Assignment IR Raman IR Raman Assignment

2103 w 990 w

2068 w 982 w

2048 s 2053 w 2053 s ν(N-CS) 946 w

2004 sh 925 w

1976 sh 913 w 912 m 913 w

1631 m 1629 w

ν(C-C), 
ν(C-N)

877 w 876 w 878 w

1621 sh 865 w

1601 m 1599 m 1602 w 1603 m 842 s 843 s carbocyclic 
ring 
deformation

1577 m 1575 s 1577 w 1581 s 804 w 809 w

1561 w 801 w

1510 m 1510 s 1513 m 1515 s 779 m 773 m

1492 m 1494 w 768 m

1456 w 1451 s 1453 w 1456 s 736 w 737 s 734 w 738 s

1434 w 722 s 723 m 724 s 724 m heterocyclic 
ring 
deformation

1422 s 1428 w 1424 s 645 w 645 w

1408 s 1416 m 1413 sh 619 w

1388 sh 583 w

1338 m 1337 w 1342 m 1345 w 560 m 561 m

1311 m 1312 w 495 m 495 w

1297 w 1295 s 1301 m 464 w

1250 w 1249 w 1252 w 1254 w 435 w 436 w

1224 m 1224 w 1223 w 419  w

1204 m 1206 s 1207 w 1212 m 407 w

1141 m 1144 m 1142 m 1144 w 368 w 369 w ν(Fe-N(phen))

1105 w 1105 w 1102 w 1107 w 314 w 314 w

1092 m 1092 w 1094 w 296 w 296 w

1056 m 1055 m 1056 w 1057 w 281 w

1042 w 1040 w 177 w

1007 w 154 w 153 m
a IR comes from a film on KBr, Raman from a film on glass.
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compatible with uncoordinated NCS-, as seen in the FeP3, but is also compatible with 

N-coordinated thiocyanate (isothiocyanate). However, the energy observed largely excludes 

S-coordinated thiocyanate and bridging thiocyanate modes.96 McKenzie has observed that 

octahedral Fe2+ complexes of the type Fe(phen)2X2 are almost exclusively found with a cis 

arrangement of the ligands.99 In this configuration, a doublet is expected for the N-CS asymmetric 

and symmetric stretches, yet only a single mode is observed in the spectrum of the films deposited 

from FeP2. Of course, the doublet may simply be unresolved, but since these modes are clearly 

defined in the case of FeP2 powder, it is safe to conclude that the deposited films cannot be 

identified as such.

The NC-S stretch occurs near 750 and 748 cm-1 for KSCN and NH4SCN.97,98 The FeP3 

powder shows small peaks at 779 and 768 cm-1 that might be assigned to this mode. Similarly, the 

red film has peaks at 781 and 774 cm-1. In the same region is a shoulder at 736 cm-1 which is much 

more pronounced in the film than in the powder. The phen ligands also show small peaks in this 

region which complicates the issue further.100 Unfortunately, a definite assignment of the NC-S 

stretch cannot be made without a more sophisticated experiment, such as isotopic labeling.

The phen ligands are responsible for the majority of the peaks in the middle of the FeP3 

spectrum and many arise from C-C and C-N stretching modes. Upon coordination of a phen 

molecule to a metal center, these modes may not show significant changes and so cannot be used to 

identify free or coordinated phen in the film spectrum.101,100 Within this region, the most significant 

difference between the spectrum of the FeP3 powder and that of the red film is the larger relative 

intensity of the mode near 1425 cm-1 in the case of the film. The mode in question is almost 

certainly centered on the phen molecule but the origin of the increased intensity is unknown.
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Two strong phen peaks are also found in the low energy portion of the FeP3 powder 

spectrum at 842 and 722 cm-1 which result from the carbocyclic and heterocyclic ring deformations

of the phen ligands, respectively.101 Presumably, the peaks at 845 and 724 cm-1 in the red film 

spectrum are of the same origin. It must be mentioned that in the spectrum of free phen, these two 

peaks are each split into two doublets that occur at approximately 853/837 and 738/730 cm-1.100 

Assignment of the small shoulder at 736 cm-1 in the red film spectrum, mentioned previously, to 

one half of the 738/730 cm-1 doublet of free phen is tempting. However, it would be expected then 

to see the second peak of the doublet near 730 cm-1. Instead of a peak, a trough between peaks is 

found at this location. Thus it is doubtful that the shoulder at 736 cm-1 in the red film spectrum 

results from the split heterocyclic ring deformation modes of free phen and the presence of free 

phen in the film cannot be confirmed in this way.

Figures 3.8 and 3.9 compare the Raman spectrum of the FeP3 powder to that of the red 

film deposited directly from IP2 onto a Si substrate. In the case of the FeP3 powder, small peaks 

are present that are assigned to FeP2 present as an impurity. These are bracketed with parentheses 

in the figures. These assignments are based on the spectra collected of FeP2 powder and films (see 

Chapter 4) and show that the aqueous precipitation synthesis of FeP3 results in an impure product. 

Recrystallization from water would likely remove the impurity as well as any co-precipitated, 

uncoordinated phen. Since this FeP3 powder was used here as a precursor to FeP2 and in that 

process annealed in a tube furnace (where any phen should evaporate) it was thought unnecessary 

to recrystallize the FeP3 product.

The Raman spectrum of the FeP3 powder compares extremely well with those of the 

ferroin ion in solution and of [Fe(phen)3]Cl2.95,102 Comparison with the spectrum of free phen 



Figure 3.8. Raman spectrum of FeP3 powder (bottom) compared to a red film deposited from FeP2 onto a Si substrate (top) in the
region from 500 to 2100 cm-1. Peaks in parentheses denote probable contamination from FeP2 in the FeP3 powder.
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Figure 3.9. Raman spectrum of FeP3 powder (bottom) compared to a red film deposited from FeP2 onto a Si substrate (top) in the
region from 150 to 500 cm-1. Peaks in parentheses denote probable contamination from FeP2 in the FeP3 powder.
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shows that all but a few peaks originate from the modes of this ligand.102 However, the metal-ligand 

stretches which are of more diagnostic value are expected to be found in the low energy region of 

the spectrum (Figure 3.9).

Through 57Fe isotopic labeling, Hutchinson et al. found that Fe-N stretches in the far-IR 

spectra of Fe(biby)3
2+ (bipy = 2,2'-bipyridine) and Fe(phen)3

2+ ions in solution (both diamagnetic 

ions) occur in the range from 360 to 390 cm-1.103 In the spectrum of Fe(phen)3
2+, these authors 

assigned a set of peaks at 359 (m) and 375 cm-1 (w) to the Fe-N(phen) stretch. In another 

experiment, Hoefer assigned the Fe-N(phen) stretch to a peak at 366 cm-1 in the Raman spectrum 

of the LS (diamagnetic) form of FeP2, based on 15N isotopic labeling.104 For the FeP3 powder 

measured here, only a single peak at 368 cm-1 is detected.

Considering now the spectrum of the red film deposited from FeP2, with the exception of 

the few substrate peaks, the compatibility of this spectrum with that of the FeP3 powder is 

unmistakable. The mode at 368 cm-1 can be assigned to the Fe-N(phen) stretch and is consistent 

with such a complex in a diamagnetic spin state, as demonstrated by the examples given above. In a

paramagnetic Fe-N(phen) complex the Fe-N bond lengths are longer and the Fe-N(phen) stretch 

should be found in the region from 200 to 300 cm-1. This region is blank for these films.

Being identified as FeP3, these films provide a better spectroscopic reference than even the 

as-synthesized FeP3 powder and they make it possible to spot contamination in the latter. In the 

Raman spectra in Figures 3.8 and 3.9, peaks resulting from FeP2 contamination in the precipitated 

FeP3 powder are marked by enclosing their energies in parentheses. The only other differences 

sometimes observed between the red films deposited from FeP2 and the FeP3 powder are very 

weak bands (not visible in Figures 3.8 and 3.9) near 214, 242, 582, and 619 cm-1. These peaks 
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were not reported for Fe(phen)3
2+ ions in solution nor [Fe(phen)3]Cl2. For the latter, the Raman 

spectrum reported by Andrade and Temperini appears to show very weak peaks near those energies

though they are unlabeled in the spectrum given.102 It remains ambiguous whether these peaks are 

expected for the Fe(phen)3
2+ cation.

3.5 X-ray Photoelectron Spectroscopy

Figure 3.10 compares the high-resolution x-ray photoelectron spectra for the synthesized 

FeP3 powder to that of a red film deposited from FeP2 onto an ITO-glass substrate. The survey 

spectra for each sample are unremarkable and are not presented in full here; all expected elements 

are detected. A conductive substrate was chosen for the thin film to help alleviate charging as much

as possible during the analysis. The powder sample exhibits severe charging while the film does not 

charge appreciably on this choice of substrate. Even though an attempt has been made to correct 

for charging effects by shifting the high resolution spectra, the amount of this shift is based on 

separate scans of the C(1s) region and the extent of charging is assuredly different between each 

scan/region. For this reason, the absolute peak positions for the powder spectra should not be taken 

to be accurate. The collection parameters were optimized in each region to obtain the best quality 

spectra. Since the collection parameters for each region are different, it is not possible to determine

the relative atomic concentrations for each element from these spectra. The spectra can still be 

compared qualitatively.

The number and shape of the peaks in each region are the same for the film and the powder

with the caveat that the powder peaks are somewhat broadened. This, too, likely originates from the

charging experienced by the powder. The top panel (panel a) in Figure 3.10 shows the Fe(2p) 



Figure 3.10. X-ray photoelectron spectra (Al Kα) of FeP3 powder (bottom traces in each panel)
and of a film deposited onto ITO/glass from FeP2 powder (top traces). Three regions are shown,
the Fe(2p), N(1s), and S(2p) in panels a, b, and c, respectively.
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region for each sample. Both lack any shake-up satellite peaks which indicates that the Fe present 

in both exists in a low spin state since such satellites are only expected for paramagnetic Fe.105 

Despite the disparity between the absolute peak positions of the film and powder due to the 

charging described above, the relative separation between the Fe(2p3/2) and the Fe(2p1/2) is nearly 

the same for each sample. The separation is 12.8 eV in the case of the FeP3 powder and 12.6 eV 

for the film. This indicates that the degree of spin-orbit coupling is the same for the Fe in the film 

as it is for the Fe in the diamagnetic FeP3 powder which could only be the case if the spin states 

were similar. Thus, the x-ray photoelectron spectra suggest that the red films deposited from FeP2 

are diamagnetic, whereas FeP2 powder at room temperature is paramagnetic. The possibility that 

the films might be comprised of FeP2 trapped in the LS state should be considered highly unlikely 

since spin-state trapping occurs primarily only for the first layer in contact with the substrate.27,76

Two different species of N are expected for FeP3 as N is found in the phen ligands and the 

thiocyanate anions. Indeed, two species are detected for the FeP3 powder here as well as for the red

films. The ratio of the N(phen) to N(thiocyanate) is ideally 3 to 1 for FeP3. Deconvolution of the 

N(1s)-phen and N(1s)-thiocyanate peaks was attempted by subtraction of a Shirley-type 

background and fitting with GL(30) (30% Gaussian-Lorentzian) curves with the requirement that 

the FWHM for the two deconvoluted peaks be the same. The N(phen):N(thiocyanate) ratio is 

found to be about 2.2 for the FeP3 film and 2.5 for the red film by this analysis. That the ratios do 

not match the ideal ratio is not surprising given the difficulty involved in XPS fitting and peak 

deconvolution. For example, when the same fitting procedure is applied to the Fe(2p3/2) and 

Fe(2p1/2) peaks whose ratio must necessarily be 2 to 1, respectively, values of ~2.5 are found for 

both the FeP3 powder and the red films.
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After fitting the two N(1s) peaks in each spectrum as described, it is possible to compare 

the relative separations of these peaks. The peak positions from fitting are much less affected from 

the choice of baseline subtracted, fitting model, or fitting parameters. For the FeP3 powder, the 

N(1s)-phen peak occurs 2.8 eV higher than does the N(1s)-thiocyanate peak. The separation of the

two peaks in the film spectrum is about 2.3 eV. The difference of 0.5 eV is probably significant, 

even considering the uncertainty introduced by peak broadening from charging of the powder 

sample. Still, the N(1s)-phen to N(1s)-thiocyanate separation for FeP2 is ~ 1 eV less than either 

observed in these samples (see Chapter 4). The chemical environments of the film N atoms appear 

more similar to those of the FeP3 powder but with a slight modification. This modification might 

be explained by a difference in crystalline structure (or lack thereof); powder XRD presented in a 

previous section indicated that the red films are amorphous whereas the FeP3 powder is 

polycrystalline.

Finally, only one species of S is detected for both the FeP3 powder and the red film. This is

consistent for the formula and structure of [Fe(phen)3](SCN)2. Because impurities have already 

been identified by vibrational spectroscopy in the precipitated FeP3 powder, another potential 

source of S from the SO4
2- anions of the Fe(NH4)2(SO4)2 · 6H2O must be considered. Highly 

oxidized S is expected to show a S(2p) binding energy between 168 to 171 eV, far above that 

expected for thiocyanate and the peaks observed here. The possibility of contamination from SO4
2- 

is rejected.

3.6 Summary

When attempting to deposit films by thermally evaporating FeP2 under the conditions used 
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in this experiment, vaporization occurs by liquefaction of the deposition material followed by 

evaporation and then condensation on the substrate. The process is erratic and difficult to control 

yet produces smooth red films reliably. Without further treatment (i.e. annealing) the films are 

highly sensitive to the air, most likely to the humidity in the air. As-deposited films roughen usually 

within an hour or two forming surface patterns and geometries that suggest crystallization is 

occurring. The rate of deterioration of the film surface increases with the temperature of the 

sample upon removing it from the deposition chamber as well as the quality of the starting 

material.

The evidence from the electronic, vibrational, and photoelectronic characterization of the 

films deposited from FeP2 overwhelmingly supports the conclusion that the films produced are in 

fact FeP3 and not FeP2. This conclusion is reached in contrast to that of a previous study even 

while the films share similar spectroscopic characteristics.26 If the identification of these films as 

FeP3 is accepted, it must be the case that during deposition, FeP2 decomposes and the  rearranges 

to yield FeP3. Other unidentified products must necessarily result. This conclusion is supported as 

well by the observation of charring of the deposition boat. Thus, in the course of this study, a 

successful method for direct deposition of FeP2 films by thermal evaporation has not been realized.

However, an indirect route to the production of FeP2 films was later developed and is described in 

the next chapter.



66

CHAPTER 4

PREPARATION AND CHARACTERIZATION OF Fe(phen)2(NCS)2 FILMS

4.1 Physical Vapor Deposition from Fe(phen)2(NCS)2 into Glass Beakers

During a normal deposition onto a substrate, the top surface of the substrate is inverted and 

not visible through the chamber window. As described in Chapter 3, during deposition of FeP3 

films from FeP2 powder, the material in the deposition boat vaporizes in a highly irregular way, 

with small patches suddenly liquefying and vaporizing. This leads to questions about how the 

deposition of film proceeds on the samples' surfaces. In order visually monitor the deposition with 

the hope of correlating these spurts of vaporization with resultant film growth, it was decided to 

cover the deposition boat with a transparent glass container.

When an overturned beaker (e.g. 400 mL) is placed over the deposition boat, the film 

grown from the deposition can be monitored visually by looking through the chamber viewport and

through the transparent walls of the beaker. This solution has the advantage that the directionality 

of the deposition can also be observed. In the early stages of deposition from FeP2, small white 

spots nucleate on the glass, concentrated most heavily at the top of the inverted beaker, and grow in

two dimensions across the beaker's inner surface, eventually merging to form large areas of an 

opaque white film. The number of initial white spots and total coverage of this white film is 

greatest when the starting material is prepared by thermal decomposition from FeP3 and varies 

from batch to batch. Typically, not more than the upper third of the overturned beaker is covered 



Figure 4.1. Example of white spots and red film deposited onto the inside of a beaker covering the
deposition boat during heating of FeP2 (a). After the growth of the white spots ends, deposition
into a second beaker shows only red film growth until the heat from the electrodes becomes intense
enough to turn the red film purple (b). An ethanol rinse preferentially removes remaining red film
(c).
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by the white film before its growth ceases. Then, if the deposition material is recovered from the 

boat and used in subsequent depositions no white film results, showing that its source is removed 

from the FeP2 powder during the first use. After this observation, FeP2 prepared by the thermal 

decomposition method was thereafter heated in the vacuum deposition chamber until white film 

growth ceased before it was used subsequently to grow films on substrates for analysis. FeP2 

prepared by direct precipitation in a solution of excess iron at low pH (see Chapter 2) does not 

produce a noticeable amount of white condensation. Once this direct, high-yield, aqueous synthesis 

method for FeP2 was discovered, bulk material was no longer synthesized by thermal 

decomposition of FeP3.

It is likely that in synthesizing FeP2 via thermal decomposition from FeP3, the phen 

liberated from the FeP3 molecules remains trapped in the powder matrix as an impurity and is then

liberated within the deposition chamber in the early stage of heating, producing the white spots and

film. Phenanthroline is easily sublimed and grows long white needles on condensing. If not present 

purely as an impurity, the phen might be evolved from residual FeP3 present in the FeP2 powder.

After the white film growth has ceased, or in cases where no white film is observed, the 

next event is the uniform growth of a clear red film that darkens with increasing thickness but 

remains always perfectly transparent (within the chamber). Growth of the red film continues until 

the FeP2 powder is exhausted. Upon removing the beakers, it was noticed that the film near the 

open end of the beaker was sometimes an opaque purple instead of red. When rinsed with water or 

ethanol, the red film removes easily but the purple film is left intact. Purple is the color of bulk 

FeP2 powder which is insoluble in common solvents.
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4.2 Effect of Post-Annealing [Fe(phen)3](SCN)2 Films

From the observation of the purple film, especially its color, from the beaker experiments, 

it was hypothesized that conversion from FeP3 to FeP2 was occurring near the open end of the 

beaker starting at the lip and moving up the beaker walls. Heat from the deposition boat transferred

through the metal electrodes with which the beaker was in contact was identified as the source of 

this possible conversion. It was thought that the deposited FeP3 film was pyrolyzed to form FeP2 in

the same way that FeP2 powder can be prepared by pyrolysis of FeP3 powder. Since a beaker is 

not a substrate that lends itself to easy analysis, this hypothesis was tested by depositing FeP3 films 

onto Si substrates (~600 nm artificial oxide) and annealing them in situ afterwards to different 

temperatures. 

The transmission FT-IR spectra collected from these samples are shown in Figure 4.2. 

Spectra are shown for annealing temperatures between 80 and 270 °C. Lower annealing 

temperatures did not significantly affect the spectra of the FeP3 films. The large abnormalities that 

occur between 1000 and 1300 cm-1 are due to imperfect background correction of the substrate 

oxide layer. The size of the abnormality is correlated to the size of a broad lobe near 770 cm-1 that 

has the same origin. These effects give rise to some uncertainty in assignment of peaks in the low 

energy region so they will not be discussed in detail here. It seems certain, however, that the 

relative intensities for the carbocyclic and heterocyclic ring deformation modes near 845 and 725 

cm-1, respectively, decreases as the temperature is raised. This may be a sign that concentration of 

phen (as a ligand) decreases.

The most obvious changes to the spectra occur in the region of the N-CS stretch. At 80 °C, 

the single mode that occurs at around 2050 cm-1 in FeP3 has broadened and shifted to 2060 cm-1. 



Figure 4.2. Transmission FT-IR of films deposited from FeP2 onto Si substrates and then annealed
in situ to the temperatures indicated for 8 hrs.
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The single mode transforms into two distinct peaks at 2072 and 2060 cm-1 for annealing 

temperatures of 95 °C and 115 °C. This doublet survives to 135 °C but is joined by a second, 

higher energy doublet at 2014/2094 cm-1. By 160 °C little remains of the 2072/2060 cm-1 doublet 

while the 2014/2094 cm-1 doublet is dominant. Finally, at the extreme temperature of 270 °C all 

traces of analyte have vanished indicating that the film decomposes or evaporates by this point.

These FT-IR spectra of the films annealed to 95 and 115 °C are found to be compatible 

with that of FeP2 as shown in Figure 4.3. The spectrum presented comes from a film deposited 

onto a KBr crystal and does not suffer from background correction effects as do films measured 

through Si wafers with thick oxides. During pyrolysis of FeP3 and its conversion to FeP2, a phen 

ligand is lost and the two thiocyanate anions join the Fe2+ center through the N atoms in a cis 

arrangement. This arrangement, as opposed to a trans arrangement, yields a characteristic doublet 

in the case of the N-CS stretching mode.99 The narrowness of this doublet in the case of the 

annealed films suggests that the transformation from FeP3 to FeP2 is complete at temperatures 

between 95 and 115 °C. It also implies a higher degree of order for the film in comparison to the 

FeP2 powder.

At temperatures higher than 115 °C, the N-CS doublet moves to even higher energy. There 

are four possible origins for this shift: 1) reorganization of the metal d-electrons to a LS 

configuration, 2) a change in coordination of the thiocyanate ligands to M-SCN bonding, 3) a 

change in coordination of the thiocyanate ligands to M-NCS-M bonding (bridged), or 4) a 

combination of the aforementioned effects. A switch to a LS configuration is easily ruled out. The 

ν(N-CS) modes are known to occur at 2107 and 2110 cm-1 is LS FeP2 and, more importantly, the 

HS state is the thermodynamic ground state at room temperature. This fact would remain 



Figure 4.3. FT-IR spectrum in the region from 680 to 2300 cm-1 of FeP2 powder (bottom) compared to that of a purple film on a KBr
substrate produced by annealing an FeP3 film (top).
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unchanged in the event that another phen ligand is lost from FeP2, i.e. the total ligand field is 

reduced. A simple change to S-bonded NCS is also unlikely regardless of whether a phen ligand is 

lost upon heating to these temperatures. Fe being a hard, first row transition metal and N a hard 

base, complexation exclusively through the softer S end of the thiocyanate ligand would be less 

stable. Therefore, the most probable explanation for the increase of the v(N-CS) frequencies is a 

change in coordination mode to a M-NCS-M bridging configuration. To accommodate 

polymerization, either a phen ligand or NCS ligand must be liberated from each FeP2 molecule. 

Since two thiocyanate ligands are required in order to balance the charge of each Fe2+ center, it is 

most likely the case that a phen ligand is lost from each FeP2 molecule and a coordination polymer,

Fe(phen)(NCS)2 (hereafter FeP1) is formed.

Only two prior reports of FeP1 could be found in the literature but neither were conclusive. 

In a series of papers spanning 1948-1950, Lee and coworkers saw evidence for it's formation at low

concentration in aqueous solution while studying the formation and dissociation of FeP3 at low 

pH.88,106,107 And, Gasgnier et al. suspected to have formed FeP1 by thermal decomposition of FeP2 

in a transmission electron microscope after discovering a new polycrystalline phase at high 

temperatures.108 However, the analogous species Fe(bipy)(NCS)2 was prepared by Dockum and 

Reiff in 1982.109,110 Notably, this compound was prepared by thermal decomposition of the parent 

compound Fe(bipy)2(NCS)2 which might be called a sister complex of FeP2. In comparing the 

vibrational spectra, these authors found that the ν(N-CS) frequencies shifted from around 2062 

cm-1 (unresolved doublet) in the parent complex to 2110 and 2080 cm-1 once a bipy ligand was lost.

The structure of Fe(bipy)(NCS)2 was suggested to be a 1D zigzag coordination polymer and this 

has recently been confirmed by single crystal XRD.111 An analogous structure is therefore suggested



Figure 4.4. Proposed structure for FeP1 1D coordination polymer.
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for FeP1 and is presented in Figure 4.4. In this structure, the isothiocyanate linkage is linear 

whereas the thiocyanate coordination occurs at an angle (<MSC ~ 107°). This type of thiocyanate 

coordination is common and has been suggested to stabilize the M-S bond by allowing increasing 

π interactions between the ligand and metal.112 With respect to the expected magnetic behavior of 

FeP1, Dockum and Reiff found that Fe(bipy)(NCS)2 was high spin at all temperatures above 20 K 

with the magnetic moment decreasing only at very low temperatures due to antiferromagnetic 

interactions between Fe2+ centers.109 FeP1 is thus not expected to exhibit any SCO activity. It must 

be noted that isolation of FeP1 via thermal decomposition of FeP2 was otherwise unexpected since

no such species appeared in the thermogravimetric analysis performed here or by other authors.81,113

This leads one to suspect that formation of FeP1 by thermal decomposition of FeP2 is a kinetically 

controlled process.

Raman spectra for the post-annealed films were measured and are presented in Figure 4.5 

Once again, when annealed to only 80 °C, the spectrum matches that of FeP3. Whereas the broad 

N-CS mode in the FT-IR spectrum suggested that some FeP2 might also be present, no peaks other

than those that could be attributed to FeP3 were found in the Raman spectrum. At the other 

temperature extreme, at 135 °C the peaks due to the substrate begin to dominate the spectra and at 

270 °C only substrate peaks can be detected.

Annealing temperatures of 95 and 115 °C produced Raman spectra that were entirely 

compatible with that of the FeP2. The spectrum of a film annealed to 115 °C is compared with 

FeP2 powder in detail in Figures 4.6 and 4.7. The low energy region (Figure 4.6) is especially 

important in identifying these films as FeP2 instead of FeP3. In the paramagnetic FeP2, the 

Fe-N(phen) and Fe-NCS stretches occur near 220 and 250 cm-1, respectively, as confirmed 



Figure 4.5. Raman spectra of films deposited from FeP2 onto Si substrates and then annealed in
situ 8 hrs at different temperatures. The spectrum of the film annealed at 270 °C represents the
spectrum of the Si substrate.
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Figure 4.6. Raman spectrum in the region from 150 to 500 cm-1 of FeP2 powder (bottom) compared with that of a purple film on a Si
substrate made by annealing an FeP3 film at 115 °C for 8 hr (top). Features around 300 and 520 cm-1 in the film spectrum are due to the
Si substrate.
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Figure 4.7. Raman spectrum in the region from 500 to 2100 cm-1 of FeP2 powder (bottom) compared with that of a purple film on a Si
substrate made by annealing an FeP3 film at 115 °C for 8 hr (top). Features at 520 and around 950 cm -1 in the film spectrum are due to
the Si substrate.
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previously by 15N and 13C isotopic labeling.104 Both modes are found to be present in the films 

annealed to 95 and 115 °C.  The relatively low energy of these modes reflects the longer Fe-N bond

lengths of paramagnetic, HS FeP2. In comparison, when FeP2 transitions to the LS form, the Fe-N

bonds shorten roughly 10% and the modes shift to 366 and 375 cm-1.104 Similarly, the Fe-N(phen) 

stretch of FeP3, a diamagnetic species, occurs at 368 cm-1 and is not present in the spectrum of the 

purple film.

A few higher energy ligand modes also assist in distinguishing FeP2 and FeP3. In the latter,

two peaks at 724 and 738 cm-1 are observed near the position expected for the heterocyclic ring 

deformation. As seen in Figure 4.7, in the case of FeP2, only the mode at 724 cm-1 is observed and 

its intensity is increased relative to the same mode in FeP3. Therefore, the 738 cm-1 mode is 

especially useful for identifying the presence of FeP3 in the synthesized FeP2 as well as the 

annealed films. Likewise, the strong peak near 1420 cm-1 is found only in the case of FeP2 and is a 

simple and sensitive means for detecting FeP2 as an impurity in FeP3 powders and films. Of 

course, the N-CS stretch near 2070 cm-1 is another indicator of FeP2, as this mode is not Raman 

active in the case of FeP3. 

Based on the vibrational spectroscopy data presented, the purple films annealed between 95

and 115 °C are identified as FeP2, the target molecule. A complete list of observed vibrations are 

given in Table 4.1 for such samples. Further characterization was completed on films annealed to 

115 C for 8 hrs and is discussed below. Additionally, while lower temperatures yielded only FeP3 

films, those films have much less sensitivity to air vs. as-deposited films. It is believed that the 

as-deposited FeP3 films my contain phen as an inclusion which can be driven from the film by heat.

Or, annealing may allow the relaxation of the film to some lower energy physical structure. In any 



Table 4.1. Peak positions and peak assignmentsa from the vibrational spectroscopy of FeP2 
powder compared to purple films made by annealing as-deposited filmsb identified as FeP2.

Fe(phen)2(NCS)2 purple film Fe(phen)2(NCS)2 purple film

IR Raman IR Raman Assignment IR Raman IR Raman Assignment

2102 w 2101 w 1221 w 1226 w 1223 w 1224 w

2072 s 2070 s 2072 s 2070 s ν(N-CS) 1208 w 1212 m 1208 w 1210 m

2058 s 2060 s ν(N-CS) 1138 w 1145 m 1138 w 1144 m δ(C-H)

2040 sh ν(N13C-S) 1100 w 1101 w 1101 w

2019 w 2020 w ν(N13C-S) 1091 w 1092 w δ(C-H)

2000 w 1053 w 1053 s 1054 s

1974 w 972 w 972 w

1623 m 1626 w 1623 w

 ν(C-C), 
ν(C-N)

952 w 954 w

1601 w 1597 m 902 w 905 w

1590 m 1590 w 1590 w 865 m 865 m 865 w 865 m

1574 m 1575 m 1574 w 1577 s 845 s 845 s carbocyclic 
ring 
deformation

1558 w 804 w 808 w 805 w 808 w ν(NC-S)

1541 w 792 w

1512 m 1512 s 1512 m 1512 s 764 m 763 w

1493 m 1492 m 723 s 725 s 724 s 725 s heterocyclic 
ring 
deformation

1474 w 636 w 636 w

1456 w 559 w

1447 w 1448 s 1448 w 1449 s 419 m 419 m

1422 s 1419 s 1423 s 1420 s 406 w 406 w

1413 m 1414 sh 282 m 282 s

1340 m 1340 m 1340 w 1341 m 257 w 258 w ν(Fe-NCS)

1314 w 1314 w 217 m 218 m ν(Fe-N(phen))

1299 s 1300 s 177 s 179 s

1268 w 155 w 154 w

a Assignments are based on references 73, 104, and 114. b IR comes from a film on KBr, Raman 
from a film on glass.
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case, the practice of annealing FeP3 films after deposition to temperatures between 70 and 80 °C 

was adopted to improve shelf-life to better than a few days before films would eventually roughen.

It should be noted that the annealing conversion was also attempted under low moisture N2 

atmosphere and in air by heating samples on the surface of a hot plate in a glove box or on the lab 

bench, respectively. Both sets of conditions produced films with the same vibrational signatures as 

those annealed under high vacuum. Conversion under such conditions was not investigated further 

however, because of fear of the risk of oxidation of the Fe2+ centers and because of the limited 

access to a suitable glove box. Conversion under these conditions would offer the benefits of greatly

improved conversion kinetics due to improved thermal transport between the hot plate and the 

sample (once a critical temperature was reached, samples on the hot plate showed complete 

conversion within seconds as opposed to several hours under high vacuum), simplicity of design (no

need to have heater wire and thermocouple feedthroughs in vacuum chamber, no need for 

sophisticated temperature controller), and the ability to perform standard analyses during the 

conversion process (such as Raman microscopy, etc.). These conditions might also affect the 

morphology (Section 4.4) of the FeP2 films which was found to be a limiting factor in electrical 

characterization (Chapter 5) .

4.3 Further Spectroscopic Characterization of Fe(phen)2(SCN)2 Films

By using glass substrates, it is possible to record electronic spectra of the FeP2 films in the

visible region. Figure 4.8 shows such a spectrum. A broad peak is observed with λMAX = 551 nm 

and with a shoulder at 525 nm which together give rise to the purple color the films. It is assumed 

that the origin of this absorption is the same as found in FeP3, that is a d6→π* 
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metal-to-ligand-charge-transfer (MLCT).90 The same assignment has been made by other 

authors.63,65,70,115,116 Compared to FeP3, the position of the MLCT band is red-shifted which reflects

the change from a tris phen coordination to a bis arrangement. With fewer phen ligands, the degree 

of interaction between the metal t2g orbitals and ligand π* orbitals, known as π-backbonding, is 

reduced. The t2g orbitals therefore lie higher in energy and the MLCT energy gap is decreased. The 

coordination of the thiocyanate ligands is not expected to contribute to metal-ligand backbonding 

as strongly as phen.81,112,115 Additionally, it has been observed that the spin state, which changes 

from LS to HS when comparing FeP3 to FeP2, has only a minor effect on the position of the 

MLCT band.63

In analogy to the assignment of the low energy shoulders in the spectrum of FeP3 (see 

Chapter 3), the low energy shoulder observed here at 525 nm is expected to arise from vibronic 

coupling. The energy spacing between the shoulder and absorption maximum is found to be about 

900 cm-1 which lies close in energy to a strong peak observed in the Raman spectrum at 1055 cm-1, 

though any definite relationship remains unproven.

A thorough exploration of the literature turns up several studies concerning the electronic 

spectra of FeP2.26,65,70,81,83,115-120 Among these reports, there is found a variation in the spectra and 

reported absorption maxima such that no two existing works are entirely consistent. The differences

might arise because of differences in sample quality or treatment.118 The spectrum presented in this

work agrees well with that presented by Konig and Madeja and shares at least the general shape of 

spectra presented by other authors.70, 117, 118, 120

In the x-ray photoelectron spectra of FeP2, there are three regions of primary interest: the 

Fe(2p), N(1s), and S(2p) regions. All three regions are presented for the FeP2 films and powder in 



Figure 4.8. UV-Vis spectrum of a purple film on glass made by annealing an FeP3 film deposited
from FeP2. The absorbance maximum occurs at λMAX = 551 nm.
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Figure 4.9. Not surprisingly, sample charging was problematic in the case of the powder samples. 

Owing to this, peaks are broad and unresolved and there is much uncertainty in their absolute 

binding energies, even after correction by shifting the spectra to match the C(1s) to 285 eV. In 

contrast, charging was not significant in the case of the films.

For either FeP2 sample, powder or film, the Fe(2p1/2) and Fe(2p3/2) peaks are much broader

in comparison to those observed for the FeP3 powder and films (Chapter 3). Higher binding energy

satellite peaks of low intensity are clearly evident. Both of these observations can be attributed to 

the HS electron configuration of FeP2. After the ionization of a 2p electron from the Fe2+ center, 

spin-spin coupling of the unpaired 2p electron and the four unpaired 3d electrons results in 

multiplet splitting of the final 2p states. The convolution of these states gives rise to broad peaks. 

Also after ionization, the outgoing 2p electron may lose energy in the excitation of a 3d electron. 

This excitation, termed a shake-up event, is spin-allowed only for paramagnetic 3d electron 

configurations. Hence, shake-up satellite peaks are observed for HS FeP2 but are absent in the case

of FeP3 and other diamagnetic Fe2+ complexes.121,122

In the N(1s) region, two peaks are expected, one for each ligand type. The relative areas 

should be 2:1 reflecting the relative concentration of each species of N in the complex, i.e. four 

phen N atoms to every two thiocyanate N atoms. In the spectrum of the FeP2 powder, the two 

peaks are not resolved due to charging. In the case of the FeP2 films, the peaks are better resolved 

but still overlapping. Attempts to deconvolute and quantize the component peaks yield lower than 

expected ratios of N(phen) to N(thiocyanate) in the range of 1 to 1.6, depending on the chosen 

fitting parameters. It seems evident however, that the the N(thiocyanate) component is the minor 

component but is increased in relative abundance when compared with the same analysis of FeP3.



Figure 4.9. X-ray photoelectron spectra (Al Kα) of FeP2 powder (bottom traces in each panel) and
of a purple film on ITO/glass made by annealing an FeP3 film in vacuum (top traces).  Three
regions are shown, the Fe(2p), N(1s), and S(2p) in panels a, b, and c, respectively.
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Finally, only one species of S could be identified for the FeP2 films and powders in the 

S(2p) region. In neither case were the 2p3/2 and 2p1/2 peaks resolved. Though the peak position is 

uncertain for the FeP2 powder because of charging, the position observed for the FeP2 film is 

appropriate for a thiocyanate sulfur atom.123 The binding energy at the peak maximum (162.2 eV) 

is slightly higher than that observed for the FeP3 films (161.9 eV). The shift to higher binding 

energy reflects a reduced concentration of negative charge on the sulfur atom of the coordinated 

ligand. However, care should be exercised in the interpretation here, since the uncertainty of these 

binding energies is expected to be on the order of ±0.2 eV, at least.

Quantitative elemental analysis is not possible from the presented spectra because scanning 

parameters (e.g. pass energy and dwell time) were varied between regions to obtain the best quality 

spectra in a reasonable amount of time. However, relative peak positions of the Fe(2p3/2) and 

Fe(2p1/2) and the N(1s)-phen and N(1s)-thiocyanate peaks can provide qualitative insight, even for 

the powder spectra where sample charging makes absolute positions uncertain. Table 4.2 shows the 

relative peak positions for the FeP2 samples compared to those of the FeP3 samples. In agreement 

with Burger et al., it is found that the Fe(2p3/2)-Fe(2p1/2) peak separation is greater in the case of 

the paramagnetic FeP2 samples where spin-orbit coupling is more significant.105 On the other hand,

the N(1s)-phen to N(1s)-thiocyanate separation is reduced for the FeP2 samples compared to the 

FeP3 samples. Comparison of absolute peak positions is possible only for the thin film samples and

shows that the relative separation is due mainly to a shift of the N(1s)-thiocyanate peak to higher 

binding energy. Donation of electron density from the N to the metal in formation of the dative 

bond raises the core levels of the coordinated thiocyanate molecule relative to the uncoordinated 



Table 4.2. Peak positionsa and peak separations (eV) for the Fe(2p) and N(1s) regions of the 
x-ray photoelectron spectra of FeP2 and FeP3 powders and films compared with reported values.

Fe(2p) N(1s)

1/2 3/2 Δ Nphen Nthiocyanate Δ

Fe(phen)2(NCS)2 powderb 723.2 709.9 13.3 399.7 398.2 1.5

filmc 722.7 709.3 13.4 399.3 397.9 1.4

Ref. 131 723.7 709.6 14.1

Ref. 132 722.6 709.2 13.4 399.0 397.9 1.1

[Fe(phen)3](SCN)2
d powderb 722.8 710.0 12.8 400.8 398.0 2.8

filmc 720.8 708.2 12.6 399.5 397.2 2.3

a Corrected by matching the C(1s) peak to 285 eV except for Ref. 131  b Absolute positions have
significant uncertainty (see text). c Films on ITO/glass. d See Chapter 3.
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molecule. Taken together, the Fe(2p) and N(1s) peak separations help to confirm that after 

post-deposition annealing the FeP3 films have indeed transitioned to FeP2.

4.4 Structural Characterization of Fe(phen)2(SCN)2 Films

With the chemical identity of the FeP2 films positively identified by vibrational, electronic, 

and photoelectron spectroscopy, the topography and microscopic structure of the films was 

investigated. Atomic force microscopy is incredibly well-suited to mapping the three-dimensional 

surface of films on flat substrates. The intermittent contact mode, or "tapping" mode, has most of 

the resolution and sensitivity of contact mode scanning but with the benefit of minimizing the 

lateral force exerted upon the sample surface by the AFM probe tip. AFM scans captured in this 

mode are shown in Figure 4.10 for the FeP2 films atop three different substrates. In each case the 

film thickness is between 100 and 200 nm. No systematic study of the effect of film thickness on 

topography was undertaken, but such an effect was not recognized in the course of the analysis of 

these and other films.

While other morphologies are occasionally observed, the granular nature of the films shown

in Figure 4.10 are by far the most common. Grains are well-defined and irregular in shape. The 

highest points in the scanned images occur near the centers of grains. These peaks on the film 

surface typically rise at least 20 nm from the surrounding grain surface. Striations appear to radiate 

away from these peaks to the grain edges. When small regions are scanned, the striations might be 

described as strands of material a few hundred nanometers in diameter that give the films a 

feathered appearance.

The choice of substrate has minor effects on the topography of the FeP2 films. There does 



Figure 4.10. AFM topography scans of FeP2 films on different substrates. (a) On a Si wafer (SiO2)
covering a 50 x 50  μm2 area. (b) The same film scanned over a 10 x 10  μm2 area. (c) Atop a
Si(SiO2)/Al(40 nm)/LiF(1 nm) layered substrate at 40 x 40  μm2. (d) On an ITO covered glass
substrate at 25 x 25 μm2. The film thickness in each case is within the range of 100 to 200 nm.
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seem to be a dependence of the average grain size on the chosen substrate. Films deposited directly

atop the bare Si wafer yield the largest average grain size, ca.40 nm. When a metal electrode such 

as Ag is deposited first on the Si wafer and the film deposited atop the electrode, the typical grain 

size is reduced to ca. 10 nm. The presence of a small (~ 1 nm) layer of LiF on the metal electrode 

does not impact the morphology of the grain. The effect of substrate choice on grain size is most 

clearly recognized for films grown atop Si and a metal electrode on the same surface. The grain size

is always smaller for the film that extends over the electrode. The probability for as-deposited FeP3 

films to fail to convert to FeP2, in part or fully, is higher for films atop the metal layers. In some 

samples, the degree of conversion was 100 % for the films on the bare substrate but close to 0 % 

for films on the metal electrodes directly adjacent. Either the metal films act as an insulating layer 

preventing efficient heat flow to the FeP3 films above, or the metal acts as a heat sink, maintaining 

the films a lower temperature than indicated by the thermocouple pressed to the bare Si surface. 

Therefore, it may be that the temperature at which film conversion occurs controls the grain size.

At the border between two adjacent grains are deep crevices often close in depth to the film 

thickness (usually measured separately by profilometry). These discontinuities are expected to 

affect communication of structural changes (SC) across the film laterally. They also have important 

ramifications for construction of vertical sandwich devices and for electrical measurements made 

horizontally through a film. This issue is explored further in Chapter 5.

Because of practical limitations, the maximum achievable scan size for an artifact-free 

AFM image is about 50 x 50 μm2. In order to examine larger areas and to determine typical grain 

features, reflected light optical microscopy was used. The optical photomicrographs presented in 

Figures 4.11 and 4.12 were taken through the objective of the Raman microscope and captured 
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by the system's CCD camera. The highest magnification available on the instrument, achieved 

with a 100x objective, captures an area of roughly 50 x 50 μm2. Conveniently, the observable area 

of the microscope begins just at the point where the area available by AFM ends. The two 

techniques prove complimentary in this way, though, of course, the surface topography can only be 

understood in three dimensions through the AFM images.

The optical microscopy reveals that in samples where conversion from FeP3 to FeP2 was 

not complete across the entire surface area, spots of FeP2 grow within the FeP3 film. Chemical 

identities are confirmed by collecting Raman spectra from each area independently. In areas dense 

with FeP2 spots, it can be seen that the intersection of spots leads to the grain structure observed in

the AFM. The growth mechanism of the FeP2 films appears to be one of nucleation and growth 

within the FeP3 film until all of the surrounding film is consumed. Presumably then, the grain 

density and grain size are directed by the concentration of nucleation sites. As can be seen in 

Figure 4.11 (and as previously mentioned), for a single film deposited across both the bare Si wafer

surface and an Al/LiF electrode (deposited previously atop the Si), size is somewhat larger for the 

grains formed from the film in contact with the Si. Given that the Al/LiF electrode surface is 

rougher than the bare Si wafer, the substrate roughness may correlate with the number of 

nucleation sites and ultimately the FeP2 grain size. In our laboratory, the bare Si wafer surface is 

one of the flattest and cleanest accessible. So, it is doubtful that the grain density could be reduced 

nor grain size increased much further through choice of substrate.

After nucleation, as grains grow in size, conversion from FeP3 to FeP2 must result in the 

loss of mass via the expulsion of one phen ligand from each FeP3 molecular unit. If the volume is 

reduced concomitantly during the conversion, the direction of shrinkage will be toward the center 



Figure 4.11. FeP2 films made by annealing FeP3 films 8 hr at 115 °C as seen through the Raman
microscope. Grain sizes are typically smaller for films deposited atop Al/LiF electrodes (a) vs. the
bare Si substrate (b). Grains appear to make a continuous transition between the two topographies
when  deposited  across  the  interface  between  the  two  surfaces  (c).  In  some  cases,  regions  of
unconverted FeP3 remained between grains (d). The images in panels a, b, and c have dimensions
of  ca.  100 x 100  μm2.  Panel  d is  at  twice the magnification.  All  images come from different
samples, though c and d were made in the same deposition.
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Figure 4.12. An FeP2 film on Si/Al/LiF made by
annealing an FeP3 film in vacuum 8 hr  at  115  °C
viewed  through  the  Raman  microscope  at  three
different magnifications with areas of ca. 500 x 500
µm2 (a), 100 x 100  µm2 (b), and 50 x 50  µm2 (c).
When  the  sample  is  rotated  in-plane  about  the
surface  normal  grains  transition  between  light  and
dark contrast (d). The images in panel  d have been
rotated to maintain the presented orientation of the
grains in each image.
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of each nucleation site. Termination of grain growth by intersection of neighboring grains would 

produce tears or fissures at their boundaries, where the grains would compete for remaining FeP3. 

This might explain the deep grain boundaries observed in the AFM images. In addition, the 

direction of strain within each growing grain might cause the striations that radiate from the center 

on the surface of the grains.

Perhaps the most striking feature of the reflected light optical microscopy images is the 

contrast between grains. One must be careful when drawing conclusions based on the colors in such

images because the observed color is dependent on the reflection from the film surface, 

transmission through the film and subsequent reflection from the substrate, the film thickness, the 

angle of illumination and observation, the spectrum of the illumination source, any 

wavelength-dependent sensitivity of the CCD detector, and post-collection image optimization 

performed automatically by the imaging software.

To begin an analysis of the grain coloring, it is necessary to look first to the substrate 

surface. The Si wafers employed here have a roughly 600 nm thick artificially grown oxide layer at 

the surface. Diffraction from the oxide layer coupled with absorption in the visible spectrum from 

the underlying Si gives these wafers a dim green color when viewed through the Raman's 

microscope where the angle of illumination and observation are constant. On the other hand, the 

rough, highly reflective surface of vapor-deposited metal films such as Al appears as bright white. 

Thin coatings of LiF laid over the Al films do not change the appearance.

When an FeP2 film is formed across these surfaces, such as with the samples presented in 

Figure 4.11, the color of the film grains depends on the combination of the optical qualities of the 

film and of those of the underlying surface. Grains that sit directly atop the Si wafer vary in shades 
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of light and dark green while grains formed over the top of the Al/LiF are brighter and vary from 

pink to blue. The boundaries between the grains are typically dark for films on Si and light for 

those on the metal surface. That the grain boundaries take on the reflective qualities of the 

underlying materials suggests that the film within the boundaries is very thin or even absent.

The observed variation in grain color could result from a variation in the thickness of grains

and interference of light reflected off of the underlying substrate and through the film. However, 

this possibility is immediately ruled out since no such variation in grain thicknesses was observed in

the AFM scans. Instead, the colors of the grains are directly related to the orientation of the sample

on the microscope stage. As shown in Figure 4.12 (animation in Supplementary File S3), rotation 

of the sample 90° about the surface normal inverts the contrast in the captured image. For film 

grains grown atop Al/LiF, blue grains turn pink, and vise versa, from this rotation. Another 90° 

rotation restores the original contrast, and so on. This behavior strongly resembles pleochroism, a 

property of crystals of many minerals whereby the wavelength-dependent transmission through the 

crystals, and therefore their color, depends on the orientation of the plane of the transmitted light 

relative to the crystallographic axes. The crystal system for FeP2 is orthorhombic, a biaxial 

system.74 Such a system is capable, in principle, of exhibiting trichroic coloring, wherein up to 

three colors of transmitted light may be seen through the crystal depending on which crsytal face is 

presented. Additionally, a single face of a pleochroic crystal may appear one of two colors if the 

incident light is polarized, i.e. one color is observed when the plane of the light is oriented parallel 

to some crystal axis and another is observed when the plane of the light is oriented perpendicular. 

Thus, rotation of a pleochroic crystal 90° under polarized illumination will alternate the appearance
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between the two possible colors. At intermediate rotation angles, the observed color will be a blend 

of the two extremes.

No reports exist of pleochroism in FeP2 crystals or films. This is not surprising, given the 

difficulty in growing large FeP2 cyrstals. It is troubling, however, that there is no known source of 

polarization in the Raman microscope. However, the same effect was seen within the microscope 

of the AFM. The resemblance to pleochroism is strong, but without identifying a polarizer in the 

setup, the phenomenon cannot be confirmed absolutely. Whether pleochroism or some other 

phenomenon, only an ordered film is expected to exhibit orientation-dependent coloring.

The existence of order within the FeP2 films is also evidenced by the powder XRD 

pattern, as seen in Figure 4.13. Three sharp peaks are observed in the region from 5 to 35° 2θ. 

These reflections occur as well in the pattern measured of the FeP2 powder which itself was found 

to be in absolute agreement with a pattern calculated from the single crystal structure of Gallois et 

al.74 The calculated pattern allows the FeP2 powder pattern to be indexed unambiguously. The 

three reflections from the FeP2 film are found to lie in the same positions as the (002), (004), and 

(006) reflections of the FeP2 powder.

Because of the Bragg-Brentano geometry of the diffractometer, only Miller planes parallel 

to the substrate surface will reflect the incident x-ray to the detector. In a powder sample, 

crystalline grains are randomly oriented, every set of Miller planes is equally likely to be in the 

necessary orientation, and all predicted reflections are observed. If a single crystal were to be 

analyzed in the diffractometer, only a single family of Miller planes would be parallel to the surface

of the sample holder and produce peaks in the pattern.

These are the two limiting cases for crystalline samples and the FeP2 film behaves as would



Figure 4.13. X-ray diffraction  (Cu Kα)  spectrum of  a  ~100 nm FeP2 film on glass  made by
annealing an FeP3 film (top) compared to that of FeP2 powder (bottom). The spectra were indexed
by comparison to the calculated pattern from the single crystal structure in Ref. 74.
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a single crystal. However, there is an intermediate case: the crystalline grains of the sample may 

indeed have only one family of planes parallel to the surface but also have random rotations about 

the surface normal, such that other planes vary in orientation with respect to the incident x-ray. 

This phenomenon is called texturing and shown diagrammatically in Figure 4.14. Because the 

dynamically oriented planes that are not parallel to the surface will go undetected, the spectrum of 

a textured sample will be the same as that of a single crystalline sample.

The (002), (004), and (006) planes of FeP2 are all orthogonal to the c-axis of the crystal 

and parallel with the plane defined by the a- and b-axes (Figure 4.15). As a member of the 

orthorhombic crystal system, where the angles between the a, b, and c-axes are 90°, it must be the 

case that the crystalline regions within the FeP2 film are oriented with their c-axes normal to the 

surface. 

Powder x-ray diffraction is a bulk measurement and care must be exercised in making any 

further conclusions. It cannot be proved from this simple measurement whether the grains observed

under the microscope and within the AFM images are entirely crystalline. For example, the 

possibility remains that the grains are only crystalline at their surface. Nor can it be said for certain 

whether the FeP2 films are single crystalline or textured. The latter seems most likely however and 

the random orientation of the crystallites around the c-axis is probably related to the orientation 

dependent coloring of the film grains as observed through the optical microscope.

4.5 Magnetometry and Spin-Crossover of Fe(phen)2(SCN)2 Films

The physical property most directly altered by the change from the 1A1 electronic state to 

the 5T2 state in mononuclear d6 metal complexes is the change in magnetic properties, i.e. spin 



Figure  4.14. Diagram  of  crystalline  domains  in  a  textured  film.  Crystallites  may  have  any
orientation made by rotation about the surface normal but one family of planes, here those parallel
to the plane made by the red and green axes, is always parallel to the surface.

99



Figure 4.15. The view down the b-axis of the crystal structure of FeP2. The green lines are the
(002), (004), and (006) planes, that lie parallel to the a-b-plane and orthogonal to the c-axis, seen
from the edge. The structure comes from Ref. 74.
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state, of the molecule. When in the LS 1A1 ground state, all six d-electrons are paired, the total 

magnetic moment is nearly zero, and the material is largely diamagnetic. The magnitude of the 

spin-only magnetic moment for the molecule is given (in Bohr magnetons) by

μS = g μB (S(S+1))1/2 (4.1)

where g is the electron g-factor (~ 2), μB is a Bohr magneton, and S is the total spin of the system. 

Upon switching to the HS 5T2 ground state, two d-electrons are promoted to the e2g orbitals giving 

rise to four unpaired spins and paramagnetism. For a total spin of S = 2, the spin-only magnetic 

moment is expected to be about 5 μB. In reality, the measured magnetic moment of an octahedral 

Fe(II) ion will be slightly higher because of spin-orbit coupling.

For FeP2 in which little to no mixing of high and low spin states occurs at temperatures far 

from the spin transition temperature, the effective magnetic moment has been reported as μeff = 

~5.2 and ~0.2 μB for the high and low spin states, respectively.80 Such highly homogeneous spin 

compositions occur in strongly cooperative SCO materials and are highly dependent on crystal 

lattice effects. As the quantity of defect sites increases, the spin transition becomes broader with 

respect to the temperature range over which mixed compositions are found to the limit that at very 

low/high temperatures some portion of the molecules remain trapped in the high/low spin state.80 

This effect has important implications for spin crossover materials that would be milled and for 

devices produced at the nanoscale where the fraction of surface sites becomes significant or even 

dominant. In these cases, hysteresis widths shrink or disappear, effects associated with the SCO are

less severe and more gradual, and the mixed spin states can give rise to ambiguity in the otherwise 

binary state of the material.34,124



Fig 4.16. The magnetic susceptibility product (χT) measured by SQUID magnetometry (a) of an 
FeP2 film on Si collected at 0.5 T (solid, purple line) compared to that of roughly 10 mg of FeP2 
powder collected at 0.1 T (black line with circles). The inverse of the magnetic susceptibility (b) is 
linear (dashed lines) with respect to temperature above 200 K for both the film (purple squares) 
and the powder (black circles).
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In the case of FeP2 specifically, the simplest synthetic routes give rise to low quality 

crystalline powders that were historically thought to represent a polymorph different from that of 

the higher quality material produced by solvent extraction (see Chapter 2) based on differences in 

the magnetic behaviors of the materials.74 It was eventually proven that the crystal structures of the 

two suspected polymorphs are in fact isostructural and the differences in magnetic behavior 

coincided with crystalline quality and defects.80,108

Figure 4.16 shows the temperature dependence of the magnetic susceptibility product (χT) 

and effective magnetic moment for a 10 ± 2 mg powder sample of FeP2 synthesized by thermal 

decomposition from FeP3 and of an FeP2 film, as measured by SQUID magnetometer. The 

SQUID magnetometer measures the magnetization of a sample directly and the magnetic 

susceptibility product is found by the  relationship

(χT) = (M / H) T (4.2)

where χ is the magnetic susceptibility (cm3), T is the temperature (K), M is the measured 

magnetization (emu), and H is the applied field (Oe). Whereas the magnetization and magnetic 

susceptibility depend on temperature, the magnetic susceptibility product has no inherent 

temperature dependence, is related simply to the number of moles in the material measured, nmoles, 

and the effective magnetic moment in Bohr magnetons, and is a more useful metric. 

(χT) = 0.125 μeff
2 nmoles (4.3)

It is more common to report the molar magnetic susceptibility product, (χMT), which can 

be derived by taking the magnetic susceptibility product over nmoles.

(χMT) = (χT) / nmoles (4.4)
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(χMT) is not reported here because the amount of material in the film is known only crudely, i.e. 

the film thickness was not measured. The molar magnetic susceptibility product will be an intrinsic 

property of a given material but (χT) is proportional to the mass of the material. In this case, 

(χT)FILM approaches 5 x 10-7 cm3·K at high temperature. Combining Equations 4.3 and 4.4, and 

assuming the effective magnetic moment of FeP2 is 5.2 μB at temperatures far above the spin 

transition, it is possible to estimate nmoles for the film. Then using the molar mass of FeP2 (532 

g/mol), its density74 (1.512 g/mol), and the dimensions of the sample substrate (6 x 6 mm2) one can

derive an approximate thickness for the film which is found to be ca. 1.4 μm. The derived thickness

is a bit more than the expected thickness based on the QCM readout but is not unreasonable, 

especially given the approximations made.

The powder shows behavior typical for good quality FeP2, i.e. highly crystalline or 

polycrystalline material with few defects. At high temperatures the susceptibility product is 

constant. When the temperature is lowered through the spin transition, (χT)POWDER is seen to drop 

suddenly to a near zero value over a very narrow span of temperature. The transition temperature 

determined by taking the first derivative of the (χT)POWDER plot is determined to be 178 K. 

Typically, the transition temperature for FeP2 is reported closer to 175 K but varies somewhat in 

the literature where myriad syntheses, sample treatments, and measurement techniques are 

employed. The sampling in this region was done only every 5 K, so the determined value should be 

considered approximate.

The general behavior of the FeP2 film is similar in that (χT)FILM starts high at high 

temperature and shows a sudden decline when the sample is cooled. Unlike the powder, the main 

transition in the film appears to occur over a temperature range of at least 20 K. Taking the 
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derivative once again, the inflection point occurs near 180 K. The drop-off this time is not as severe

relative to the magnitude of (χT)FILM. Further cooling shows (χT)FILM steadily declining instead of 

leveling near zero. This continued slow decline indicates material that did not transition to the 5T2 

ground state in the main transition but that requires lower temperatures to switch. The decline is 

gradual, indicating poor communication and cooperativity between this second class of material in 

the film.

The observed value of (χT) will depend on the fraction of the material that is in a HS state, 

γHS, and the amount in a LS state, 1 - γHS.

(χT) = (1 - γHS) (χT)LS + γHS (χT)HS (4.5)

The contribution from the LS material is small enough to be safely ignored and Equation 

4.5 can be simplified.

γHS = (χT) / (χT)HS -4.6

As before, the magnetic susceptibility product will be assumed to reach a maximum value 

of roughly 5 x 10-7 cm3·K. Near 100 K, the observed (χT) is about 1.9 x 10-7 cm3·K. The calculated

fraction of molecules still in a HS state at 100 K is then about 38 %. A significant portion of the 

film remains un-switched even at 100 K. As discussed above, a residual HS fraction at low 

temperature is to be expected for material which suffers from poor communication between 

molecules and clusters of molecules or in which molecular environments hinder switching. Given 

the topography of the films revealed by AFM and optical microscopy, it should come as no surprise

that communication across the film is ineffectual. The film grains are at best considered as small, 

independent nanoparticles laid in a single layer across the substrate surface. Residual, un-switched 
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material above and below the spin transition and the broadened transition temperature range are 

common occurrences for SCO materials prepared on the nanoscale, where the nature of surface 

domains becomes increasingly important.32,33,41,125-127 When considering thin films specifically, the 

SCO behavior of films deviates from the behavior of bulk powder materials and may disappear 

altogether in the extreme thickness limit of only a few molecular layers.50,51

Other explanations have been offered for the higher than expected magnetic moment below 

the spin transition temperature. Often ignored is the kinetic behavior of the SCO phenomenon and 

it has been suggested that samples which show incomplete transitions were measured out of 

equilibrium.128 Some regions of material that are kinetically slow to transition, may remain HS 

below the spin transition temperature if sufficient time is not allowed between measured data 

points.129 It has been shown that the rate of transition depends strongly on the crystallite size such 

that ground powders and powders produced by rapid precipitation transition more slowly than 

single crystalline samples.130 In addition, the perception of residual HS or LS material that relies on 

the comparison of (χMT) at high and low temperature may suffer from deviation from ideal 

Curie-Weiss behavior.128 And in most cases, the high temperature maximum of (χMT) is not 

established definitively.

Panel (b) of Figure 4.16 shows the inverse magnetic susceptibility, χ-1, plotted as a function 

of temperature for both samples. Above 200 K, the plotted data are found to be linear. This 

behavior represents a Curie-Weiss temperature dependence of the magnetic susceptibility and is a 

hallmark of paramagnetic materials. The slope in each case is nearly the same only being smaller 

by a factor of 102 in the case of the film. The change of magnitude can be accounted for by the 

difference in mass between the two samples.
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4.6 Films Deposited onto Hot Substrates

It stands to reason that if FeP3 molecules can be decomposed by heat to yield FeP2 

molecules, as is the case during synthesis of FeP2 by thermal decomposition of FeP3 and in the 

conversion of FeP3 films to FeP2, then free FeP3 molecules impacting a hot surface might 

pyrolyze immediately on contact. In the suggested scenario, free FeP3 molecules are produced 

during vapor deposition from FeP2 and thermally decompose to yield FeP2 as they physisorb to 

and migrate across the hot substrate surface. Since the FeP2 molecules are formed while still 

mobile, they would have the chance to settle into crevice-free, smooth, amorphous films. No 

subsequent post-deposition heating for conversion from FeP3 would be necessary.

By mounting Si substrates to a copper block heated internally from a cartridge heater, the  

temperature of the substrates can be controlled and monitored from a thermocouple pinned to the 

surface of a sample. Figure 4.17 shows the transmission FT-IR spectra from films deposited from 

FeP2 onto 1x1 cm2 Si substrates (~600 nm artificial surface oxide). The spectra shown are limited 

to the area near 2100 cm-1 where the N-CS stretching modes are found. The lower energy regions 

are omitted because they are of little diagnostic value and because of strong artificial effects from 

SiO2 background subtraction. At the lowest substrate temperature, 105 °C, there is a broad peak 

whose maximum is found at 2056 cm-1. The peak position lies between that expected for FeP3, 

2050 cm-1  and that for FeP2, 2072/2060 cm-1. A mixture of these two species in the film might 

give rise to a broad peak at this position. 

A few weak shoulders appear on the high energy side of this peak whose intensities increase

as the substrate temperature increases. The shoulders occur at energies higher than those expected 



Figure 4.17. Transmission FT-IR in the region of the N-CS stretching modes of films deposited
from FeP2 onto Si substrates held at different temperatures.
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for the FeP2 doublet. Therefore, a third species is implied. Deconvolution of the components of 

this peak would be speculative. However the shoulder most removed from the main body of the 

peak appears to lie near 2114 cm-1. In a previous section of this chapter, a doublet at 2114/2094 

cm-1 was found to occur in FeP3 films that were annealed post-deposition at high temperatures 

(Figure 4.2) and was tentatively assigned to the asymmetric and symmetric N-CS modes of FeP1. 

Thus, it appears likely that the films deposited onto hot substrates here also contain this species.

That this third species increases in concentration with temperature correlates well to the 

species detected in Figure 4.2 and assigned as FeP1. Interestingly, when films are deposited onto 

room temperature substrates and annealed post-deposition, the presence of this species isn't 

detected until a temperature of 135 °C. But when substrates are heated during the deposition, this 

species seems to be present at substrate temperatures as low as 105 °C. Additionally, 

post-deposition annealed films can be converted from FeP3, to FeP2, to the third species in 

succession. With careful temperature control, it is possible to isolate pure films of any of the three 

species. That is not the case here, where a mixture of species always occurs.

The Raman spectra of films deposited onto hot substrates shown in Figure 4.18 gives a 

somewhat different picture. For all substrate temperatures, the spectra resemble that of FeP3. 

However, each also contains weak signals near 282, 420, 1422, and 2072 cm-1, each of which is 

associated with FeP2 but not FeP3. A third species is not detected. Nonetheless, the FT-IR and 

Raman spectra can be reconciled by considering that the cross-sections for FT-IR absorption and 

Raman scattering may be different for each material. Recall that both FeP3 and FeP2 absorb near 

the wavelength of the Raman laser, 632.8 nm. If FeP1 absorbs near 440 nm as suggested by Lee et 



Figure 4.18. Raman spectra of  films deposited from FeP2 onto Si substrates  held at  different
temperatures. The tall features near 520 and 950 cm-1 are due to the substrate.
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al. the Raman scattering cross-section would be reduced.106 The Raman intensity should also be less

in FeP2 and FeP1 because of the reduction in chromophores (phen ligands).

Whatever the the reason, it is clear from the vibrational spectra presented that films grown 

on hot substrates are a mixture of at least two species, probably three. No final substrate 

temperature was identified that would result in a purely FeP2 film. The surfaces of these films were 

found to be very smooth, which was one of the objectives of this experiment, but this may be a 

feature of FeP3 on the film surface. This approach was not investigated further. Instead, all FeP2 

films subsequently prepared were made by post-deposition annealing of FeP3 films, as described in 

the previous section.

4.7 Summary

As described in Chapter 3, the preparation of films of FeP2 by vapor deposition of the bulk

material has been reported previously but attempts to reproduce this result yielded films identified 

as FeP3.26 Therefore, a modified procedure was developed based on observations of films deposited

onto beakers covering the deposition boats. In the early stages of the first deposition from each 

batch of FeP2 powder produced from thermal decomposition of FeP3, a white film is deposited 

before the red FeP3 film deposits. If an initial sacrificial deposition is performed first to remove the

source of the white film, subsequent depositions from the same material will deposit only smooth 

red FeP3 films. Alternately, the starting material can be produced via the direct aqueous synthesis 

technique described in Chapter 2. No further "cleaning" of FeP2 produced in this way is required.

Films of FeP2 can be obtained by heating the FeP3 films to moderate temperatures (ca. 

115 °C) for extended periods of time (ca. 8 hrs). It is believed that conversion from FeP3 to FeP2 
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occurs by thermal decomposition of the FeP3 films in which a phen molecule is liberated from 

each FeP3 molecule. Coordination of the thiocyanate anions to the Fe2+ center maintains the 

geometry as octahedral. The process is shown diagrammatically in Scheme 4.1. If lower annealing 

temperatures are used, films remain FeP3 but are less sensitive to air than films made with no 

post-deposition heat treatment. When heated to temperatures of 135 °C and greater, films of a 

third species are obtained. While not investigated in detail, vibrational spectroscopies suggest that 

the third material is FeP1 which is likely to form from FeP2 by another thermal decomposition step

and release of another phen ligand. If confirmed, this would constitute the first report of FeP1 thin 

films.

FeP2 films made by the modified procedure show the same spectroscopic qualities as the 

bulk FeP2 powder. The maximum of visible absorption is shifted to lower energies relative to 

FeP3, a consequence of the change in ligand field. The paramagnetic state of the complex and 

reduced N(phen) : N(thiocyanate) ratio relative to FeP3 are evidenced by the x-ray photoelectron 

spectra. Typical films are comprised of grains 5 to 50 μm in size which is somewhat dependent on

the choice of substrate. Deep fissures exist at the boundaries between the grains. Crystalline regions

of the films are preferentially oriented with the c-axis aligned perpendicular to the substrate 

surface. The colors of the grains in the optical micrographs varied between two colors and changed 

with the rotation of the sample on the microscope stage. This suggests that the film is textured 

rather than single crystalline. These granular FeP2 films still exhibit SCO near the transition 

temperature of the bulk FeP2 powder but with reduced abruptness and completeness.

Attempts to produce FeP2 films directly during the vapor deposition step by depositing 

onto heated substrates produced films comprised of a mixture of species, probably FeP3, FeP2, 



Scheme 4.1. Overview of preparation of FeP3, FeP2, and FeP1 films. Bulk FeP2 can be produced
by pyrolysis of FeP3 (a) or precipitated directly from solution (see Chapter 2). Vapor deposition of
the  FeP2  yields  films  of  FeP3  as  discussed  in  Chapter  3  (b).  The  temperature  during  film
deposition  was  not  accurately  controlled   and  may  not  represent  the  true  temperature  of  the
vaporized material (see Chapter 3). Post-deposition heat treatment of the FeP3 films yields films of
one of three different materials, depending on the temperature employed (c). FeP3 films heated to
mild temperatures remain FeP3 but have improved air stability. FeP3 films heated to moderate
temperatures  pyrolyze  to  FeP2  by  loss  of  one  phen  ligand.  FeP3  films  heated  to  higher
temperatures pyrolyze to FeP1 by loss of two phen ligands.
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and FeP1. Only the post-deposition heating process described above was found to be successful in 

producing films of the target material. The technique developed is simple, reproducible, and 

requires unspecialized equipment. However, sufficient temperature control and time is required. 

Obtaining adequate temperature while heating substrates in vacuum is difficult because heat 

transfer is by conduction only; convection is not possible. Sample temperature is extremely 

dependent on the contact and pressure between the sample and heating surface. Within a single 

batch, some samples will typically show incomplete conversion to FeP2 because of poor heat 

transfer. Initial trials suggest that heating FeP3 films immediately after the deposition but outside of

the vacuum chamber either in a controlled atmosphere or ambient air still effects conversion to 

FeP2 but with the benefits that heat transfer is more efficient and homogeneous, temperature 

control is more accurate, and annealing times are significantly reduced. Further refinement of the 

annealing process at normal pressures is suggested and may also effect the morphology of the FeP2 

films which is important to device fabrication. Exploration of alternate heating treatments is outside

the scope of this work and device fabrication and electrical characterization were performed on 

films prepared in vacuum, as described in the next chapter.
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CHAPTER 5

ELECTRICAL MEASUREMENTS OF [Fe(phen)3](SCN)2 AND Fe(phen)2(NCS)2 FILMS

5.1 Device Fabrication

Electrical characterization of thin films in a two terminal, diode-like configuration requires 

that electrodes be attached to opposite ends of a specimen of the material to be measured, charge 

injected from one or both of the electrodes by means of applying a bias, and transport of the charge

through the material to generate a measurable current. The current-voltage, or I-V, characteristics 

generated are analyzed to understand the conduction properties of the material. Conversion of I to 

current density, J, and V to electric field, F, allows results to be expressed as J-F characteristics and 

to be compared between films of different thicknesses, d, and areas, A.

J = I / A (5.1)

F = V / d (5.2)

For measurement of thin films, by far the most common device geometry is one of vertical, 

or "sandwich", junctions (Figure 5.1 (a) and (b)). The bottom electrode, relevant films, and top 

electrodes are placed onto a flat substrate, one after another, to build the junction from the bottom 

up. Electrodes are usually placed by physical vapor deposition. Often, deposition of the top 

electrode may damage or penetrate the junction materials atop which it must lie. In these cases, the 

top electrode may be placed by a "softer" technique, such as contact with a hanging mercury drop 



Figure 5.1. Structure of two device geometries, vertical/sandwich (a) and horizontal/bridge (c),
used for electrical characterization. Inset (b) shows the layers of the sandwich structure for vertical
devices. The ~600 nm SiO2 layer is artifical. The AlOx layer is native and grows when deposited
electrodes are exposed to air. Inset (d) shows how Cu wires were attached to metal electrodes by
pressing the wires into soft In pads and capping them with another In pad.
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or InGa eutectic.133,134 The material under investigation is often deposited via physical vapor 

deposition as well, but where impossible or inappropriate for a material, it may also be placed by 

spin-coating, drop-casting, etc. Simple devices require only these components. More layers may be 

added to the "sandwich" in order to improve or modify the operation of the device. Commonly, 

these materials are electron/hole transport and blocking layers and thin films deposited at the 

interface of the electrodes and inner layers to improve charge injection/extraction.

An alternative geometry is the horizontal, or "bridge", junction (Figure 5.1 (d)). To make 

devices with these junctions closely spaced electrodes are first placed on substrate. The material in 

question is then placed across two electrodes, bridging them. Once again, physical vapor deposition 

is typically employed to place both the electrodes and the material under investigation. The 

advantage to this type of device geometry is that no top electrode need be deposited. The risk of 

shorting or damaging the specimen material is removed. Unfortunately, for organic semiconductors,

whose mobilities are quite low, the separation distance between electrodes must be kept quite small

(< 500 nm or so) which cannot be accomplished without some form of lithography. Otherwise, 

current through the device will be too low to measure without the use of sophisticated equipment 

and/or high electric fields.

In this work, the results presented all come from vertical-junction devices. Square 1 x 1 cm2

Si wafers were used as substrates. These small wafers are cut from an ordinary 4-inch round wafer 

using a dicing saw. They are treated by the manufacturer to produce a ~600 nm oxide on their 

surfaces. The oxide layer provides necessary insulation from the p-doped silicon which is rather 

conductive compared to the materials under test. After the substrates were cleaned by 

ultrasonication and solvent rinsing, they were placed in the deposition chamber where three, 1 mm 
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wide bottom electrodes were deposited through a shadow mask to a thickness of ~40 nm. In some 

devices, a thin LiF layer was also deposited at this stage atop the Al bottom electrodes. Vacuum 

was then broken in order to load the sample material into the deposition boat. Once vacuum was 

restored, thin films of the sample material were deposited. Where FeP2 devices were desired, the 

FeP3 films grown at this step were then annealed, in situ, to convert them to FeP2. Finally, a third 

round of deposition was required to place a single top electrode, and optionally another interfacial 

LiF layer, perpendicular to the bottom electrodes. Three junctions were thus formed on each 

device. An example of a completed vertical junction is shown in Figure 5.1 (a). In order to connect

the device electrodes with the terminals of the source meter, thin copper wires were pressed into 

small indium discs and onto the ends of the electrodes (Figure 5.1 (d)).

Care must be taken that the electrodes are not placed all the way to the edge of the Si wafer

and that the indium contacts are not placed in this location either. The diced wafers have 

microscopic chips along their edges, likely caused by the dicing saw itself or handing of the wafers 

afterward (Figure 5.2). The chips are formed by loss of flakes from the surface where the oxide 

layer insulates the device from the conductive Si substrate. If electrodes come into electrical contact

with these chips at the wafer's edge, shorts through the Si wafer will occur.

From bottom to top, devices made in this way are symmetric which means that charge 

conduction across the junctions should be the same regardless of the polarity of the bias applied. 

Conceivably, a small oxide layer develops atop the bottom Al electrode that would not be present 

on the underside of the top Al electrode. Yet, no significant polarity dependence is observed for any

of the junctions shown here; J-F characteristics are symmetric about zero bias. 

When device operation is begun, the potential difference across the devices forces charge 



Figure 5.2. A photograph of the edges of a (used) Si wafer showing chips in the substrate that are
probably a result of dicing or handling.
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carriers to be injected into the junction from the electrodes. Within the metal electrodes, electrons 

exist at the Fermi level of the metal, determined by its work function. For organic materials, 

electrons are injected from the cathode into the LUMO's of the molecules at the interface. 

Similarly, holes are injected from the anode into the HOMO's. The energy differences between 

these frontier orbitals and the Fermi level of the electrode metal provide a barrier to charge carrier 

injection. In order for electron/hole injection to be efficient, the barrier must be small and the 

Fermi level of the metal close in energy to the LUMO/HOMO of the material. Junctions with small

injection barriers are said to have Ohmic contacts. If the metal is the same for either electrode, its 

Fermi level cannot be close to both the LUMO and HOMO of the material simultaneously. Thus, 

symmetric devices will prefer only one type of charge carrier to be injected. Once carriers are 

injected into the material, they are transported across the material to the opposite electrode. A 

given material may efficiently transport only electrons, only holes, or both. The choice of metal for 

the electrodes of symmetric devices allows one to selectively measure the transport of the electrons 

and holes through the material in the junction, provided contacts are Ohmic.

In order to test the efficacy of device fabrication, trial devices were first made using Alq3 as 

the organic semiconductor in the junctions. Three-junction devices were fabricated as in Figure 5.1

(a). Al was used for top and bottom electrodes and thin (0.5 - 1 nm) LiF layers were placed at the 

electrode interfaces. The Fermi level of Al, determined by its work function, lies near -4.2 eV from

vacuum.135 This is closer to the LUMO of Alq3 than to the HOMO, as seen in Figure 5.3 (a), but 

the nominal electron injection barrier is still around 1 eV. Thin layers of LiF have been shown to 

improve injection efficiency from Al electrodes into organic semiconductors by modifying the 

energy levels at the interface and decreasing the effective injection barrier.136,137 By matching the 



Figure 5.3. Energy level diagram for Alq3 devices (a) and the J-F characteristic measured from one
such device with a 134 nm Alq3 film and Al/LiF electrodes (b). 
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Fermi level of the metal electrodes to the LUMO of Alq3, a so-called "electron-only" device is 

created. That is, the transport measured in these devices is that of electrons.

Figure 5.3 (b) shows the J-F characteristic from a trial Alq3 device. Near the end of the 

plot, at high fields, the slope of the log-log plot approaches 2. This behavior is commonly seen in 

junctions made with organic semiconductors and with Ohmic contacts. The dependence of J on F2 

suggests that transport through the junction is limited by the accumulation of space charge at the 

interface of the injecting electrode and the sample material. That is, the device is operating with 

space-charge-limited current, SCLC. In an ideal device, with Ohmic contacts and no traps or 

defects, the SCLC represents the upper limit of conduction. In this regime, the rate of injection of 

charge carriers exceeds the rate at which they can be transported and extracted at the opposite end 

of the junction. The current in the device is therefore bulk-transport-limited, rather than injection 

limited. SCLC is described by the Mott-Gurney equation

I = 9/8 Aεεoμ V2/d3 (5.3)

where A is the junction area, ε is the dielectric constant of the material (typically ~ 3 for organic 

semiconductors), εo is the permittivity of vacuum, and μ is the mobility of the charge carriers being

transported.138 The intrinsic property of the material obtained by application of this model is the 

mobility. For the electron-only device represented by Figure 5.3 (b), it is the electron mobility, μe. 

By fitting the high field region of the curve on a double-log plot to a linear fit with a slope of 2, μe is

found to be ~ 5 x 10-7 cm2/V·s. Values for μe reported in the literature range from 1 x 10-7 to 1 x 

10-5 cm2/V·s (the hole mobility, μh, is two orders of magnitude lower).35,139,140 In this discipline, 

reproducibility of device fabrication is difficult to obtain. Even analysis and interpretation of the 
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same I-V characteristics can vary between different persons or laboratories yielding a range of 

mobilities.141 The electron mobility measured here for Alq3 can be considered acceptable given the 

limitations of reproducibility of this technique. Attention can now be turned to devices 

incorporating films of FeP3 and the SCO material FeP2.

FeP3 and FeP2 devices were made in the same way as the Alq3 devices, sometimes with 

and sometimes without LiF. To understand injection from Al and Al/LiF electrodes, it is helpful to 

know the positions of the frontier orbitals for these materials. The position of the HOMO of a 

material can be determined by UPS. Attempts to acquire an ultraviolet photoelectron spectrum of 

either material were not successful. Instead, XPS was used to measure the photoelectron spectrum 

in the valence band region near 0 BE (Figure 5.4). The XPS experiment requires considerably more

effort (sampling time) and suffers from poorer resolution, but the spectra obtained are sufficient for 

identifying the HOMO energy. Accurate HOMO binding energies are obtained by measuring the 

onset of the first peak in the photoelectron spectrum.142 The energy ascertained is relative to the 

Fermi level, i.e. the work function of the spectrometer.

Inverse photoemission spectroscopy (IPES) is best suited for determination of the LUMO 

energy because in this measurement an electron is injected into a molecule, just as would occur 

upon charge injection from a device electrode. If this technique is not available, the optical gap 

measured by UV-Vis spectroscopy can provide an approximation of the transport gap, i.e. the 

HOMO-LUMO energy difference for a molecule ionized during transport. The optical gap is 

usually 0 → 1 eV less than the measured transport gap because of exciton effects.142 For example, 

the energy diagram for Alq3 given in Figure 5.3 (a) is typical of diagrams presented in the 

literature.137,139,143-147 The HOMO-LUMO gap is given as 2.8 eV, the same as the optical gap, but 



Figure 5.4. Valence band spectra measured by XPS for FeP2 (top trace) and FeP3 films (bottom
trace). The onset of the HOMO is marked for each.
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the transport gap has been measured by UPS and IPES to be 3.6 eV.142 Because of instrument 

limitations, the optical gap is considered here.

Through the analysis described above, it is determined that the HOMO of FeP3 lies 1.3 eV 

below the Fermi level of the x-ray photoelectron spectrometer (as determined by its work function).

Using the optical gap determined from the UV-Vis spectrum (Chapter 3), the LUMO lies 2.1 eV 

higher in energy. For FeP2, the HOMO about 1.4 eV below the work function of the x-ray 

photoelectron spectrometer and the LUMO is 2 eV higher in energy (UV-Vis spectrum in Chapter 

4). Within the uncertainty of the approximations made and those of the measurements, the 

electronic levels of FeP2 and FeP3 are the same. It would be unusual for the HOMO's of these 

materials to lie high in energy and closer than the LUMO's to the Fermi level of the Al or Al/LiF 

electrodes. It is assumed that for the device configuration used in this study, transport through the 

FeP3 and FeP2 devices will be electron-only. Alq3 provides a good reference material against 

which to compare the electron transport characteristics, since it has a relatively high electron 

mobility.

5.2 [Fe(phen)3](SCN)2 Devices

The FeP3 films grown from vapor deposition of FeP2 are amorphous and smooth (see 

Chapter 3) and highly suited to device fabrication, so long as exposure to air during fabrication is 

minimized. In Figure 5.5 (a) J-F characteristics are presented for four different junctions, each on a

different device of the same batch. The FeP3 film thickness in each case is ~220 nm and all devices

were measured at 300 K. Reproducibility within the batch is excellent. On a log-log plot, the curves

show two distinct regions. At lower fields, the slope of the curve is ~1 and conduction is Ohmic. 



Figure 5.5. J-F characteristics for four Si/Al/LiF/FeP3/LiF/Al junctions each on a different sample
(a). All samples were made simultaneously and the FeP3 thickness for each was ~ 220 nm. Each
log J vs. log F curve shows two distinct linear regions (b). At low fields, conduction is Ohmic (solid
line). At higher fields, the slope of the curve is ~ 3 (dashed line). The shaded region represents the
current density expected for a material of the same thickness with a mobility between 1 x 10-5 and
1 x 10-6 cm2/V·s and operating by ideal SCLC.
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Ohmic conduction occurs when the number of injected charge carriers is fewer than the number of 

intrinsic carriers of the material. As the bias is increased and more charge carriers are injected, 

they eventually outnumber the intrinsic carriers and the conduction behavior changes.148

At fields higher than 1 x 104 V/cm, the slope of the curves changes to a value close to 3. 

Power law dependence of J on F in the form of J ∝ Fk with of k > 2 entails a device operating 

below the SCLC maximum. This might arise from the presence of traps within the film or from 

injection limited current, for example. In the former case, application of higher fields can often 

achieve SCLC by increasing the number of injected charge carriers until the traps are filled.148 The 

performance of the device can be compared to that of an ideal device of the same thickness 

operating with SCLC with a mobility typical of organic semiconductors. In panel (b) of Figure 5.5 

the 300 K J-F characteristic for one of the junctions in panel (a) is overlaid atop a shaded region 

which represents the behavior expected for a material with a mobility of 1 x 10-6 to 1 x 10-5 

cm2/V·s operating with SCLC. It seems safe to conclude that the electron-only FeP3 devices 

outperform the idealized device; their mobility is predicted to exceed that of Alq3. FeP3 might 

prove useful in real-world applications, especially as an electron transport material. It's role might 

be complimentary to that of Alq3 since the latter is often selected for use in photovoltaics because 

of its optical properties and the same properties of FeP3 are very different.

The J-F characteristics measured at varying temperature are shown in Figure 5.6 (a). The 

sample was mounted to the cold head of a cryogenic chiller and enclosed in a small evacuated 

chamber (~1 x 10-2 Torr). Temperature was controlled by activating a resistive heating element near

the device and was measured from a thermocouple directly below the sample on the opposite side 

of the cold head. For these measurements, temperatures were changed and monitored manually by 



Figure 5.6. Temperature dependence of the  J-F characteristic of
one junction of  a Si/Al/LiF/FeP3/LiF/Al  device with a  220 nm
FeP3 layer. Full J-F scans measured every 10 K upon warming are
shown in (a). The current density is plotted as a function of T at the
highest  applied  field  (~  1  x  104.65 V/cm)  in  (b).  The  Arrhenius
behavior of the current density at maximum field and at a lower
field (~ 1 x 103.20 V/cm) is plotted in (c).
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observing the readout from the thermocouple. To keep the length of the experiment practical, scans

were taken every 10 K. Once the desired temperature was obtained and appeared stable, collection 

of the J-F (really I-V) characteristic was initiated via a custom built software package.

The temperature dependence of the electron mobility in FeP3 is immediately obvious. 

Between 300 and 100 K, the current density at the highest measured field changes by at least five 

orders of magnitude. The temperature dependence of the current density at this field appears to 

follow Arrhenius behavior and ln J ∝ T-1 at least at high temperatures (Figure 5.6 (c)). Conduction 

is thermally activated at low bias where J ∝ F and at high bias where J ∝ F3. The activation energies

in these two regions are 180 meV and 260 meV, respectively. In the Ohmic region of the J-F 

characteristic, the current density is proportional to the total number of charge carriers, n, in the 

film 

J = nqμF (5.4)

where q is the elementary charge. The thermal activation energy in this region represents the 

barrier to charge injection. The barrier is sufficiently low that the contact of the Al/LiF electrodes 

with the FeP3 film can be considered Ohmic. Conduction above the Ohmic region of the J-F 

characteristic will be bulk-transport limited.

In amorphous organometallics like FeP3, where only weak van der Waals interactions exist 

between molecules and electron orbitals are highly localized on individual molecules, conduction is 

expected to occur via a hopping mechanism.149 In this construct, charge carriers must overcome 

energetic barriers in order to transport between frontier orbitals on adjacent or nearby molecules. 

The efficiency of hopping increases with temperature because the extra thermal energy increases 
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the likelihood of overcoming the energy barriers and for hopping to occur. This is contrasted with 

inorganic semiconductors and highly crystalline organic materials in which orbitals extend across 

many molecules or atoms. Such materials suffer a loss in performance as temperature increases 

because ballistic transport is interrupted when charge carriers scatter from interaction with lattice 

phonons. It is tempting to assign the activation energy derived from the Arrhenius plot (Figure 5.6 

(c)) to some kind of average energetic barrier between molecules or to an average trap depth. 

However, as mentioned by Coropceanu et al., the Arrhenius dependence of J on T is only an 

empirical observation and may have no real physical justification.150

Before moving on to discuss the electrical characterization of FeP2 films, a comment must 

be made about the behavior of the J-F characteristics at the lowest applied fields. For some J-F 

curves measured at intermediate temperatures, the current density at the lowest field is seen to be 

higher than for curves measured at higher temperatures. This seems to be in contradiction to the 

expected temperature-dependence of hopping transport and in contrast to the behavior seen at 

higher fields. The effect was observed for all junctions measured in the batch and is believed to be 

an artifact of measuring at extremely low power levels (low voltage and low amperage). Similarly, 

the magnitude of the current density appears to plateau at very low temperatures and fields, but this

is only because the limit of detection of the experimental configuration is being exceeded.

5.3 Fe(phen)2(NCS)2 Devices

Initial attempts to fabricate and measure vertical junction devices incorporating FeP2 as the

active material were unsuccessful: junctions were found to be shorted, always. Penetration of the 

top electrode through the film to the bottom electrode was identified as the likely cause and other 
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metals were tested as top electrodes. Figure 5.7 is an optical micrograph taken through the 

objective of the Raman microscope of a Pb electrode deposited onto a granular FeP2 film. The 

underlying substrate is the bare Si wafer. Even with a thickness of 100 nm, the surface topography 

of the FeP2 is apparent through the Pb electrode, including the deep crevices between grains. The 

AFM imaging presented in Chapter 4 shows that the fissures between grains may be as deep as the 

FeP2 film thickness and 100 nm wide or more. It is not surprising that shorts of the top and bottom

electrodes occur for these films. Other metals for rougher films that may mask the underlying 

topography of the FeP2 films but are nonetheless shorted.

A new approach is required. One approach tested was to build devices with horizontal 

junctions as described at the beginning of this chapter and shown in Figure 5.1 (c). When the triple

bottom electrodes were deposited, a second mask was added to form a break at their centers. For 

this purpose, a 46 awg (40 μm diam.) strand of Kanthal D wire was stretched across the electrode 

mask. The three electrodes are split into six by this process. When the FeP3 film is deposited 

across the electrodes, and later converted to FeP2, three horizontal junctions are formed per 

device. The spacing between the two electrodes of a single junction is the diameter of the Kanthal 

D wire, 40 μm. The spacing is small enough that a single FeP2 grain might extend the entire 

distance. The width of a junction is the width of the electrodes, 1 mm. Unfortunately, this device 

geometry yielded no measurable junctions. Rather than shorts, the resistances of all junctions were 

found to higher than that measurable using the maximum applied field of the source meter, 210 V.

A quick examination of a hypothetical device of typical mobility operating under ideal 

SCLC (Equation 5.3) demonstrates why this approach does not succeed with the given device 

dimensions. Using a mobility of μ = 1 x 10-6 cm2/V·s, a transport distance of d = 40 μm, and taking



Figure 5.7. Optical micrograph of a granular FeP2 film (100 nm nominal thickness) on Si (left)
and covered by a 100 nm Pb film (right).
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the junction area as the thickness of the film (e.g. 100 nm) times the width of the junction (1 mm),

the current expected from the hypothetical junction is on the order of 10-13 A, below the detection 

limit of the source meter. The limiting factors are the size of the gap between electrodes and the 

cross-sectional area of the junction. A reduction of the gap size to 50 nm would allow measurement

with biases down to ~10 V. Hence, for vertical junction devices, film thicknesses of 10's to 100's of

nm are typically seen. Areas of vertical junctions are also much larger, on the order of 1 x 1 mm2. 

For horizontal junctions, the horizontal cross-sectional area is limited by the thickness of the film 

and cannot realistically approach the same dimensions.  It is surprising then that in the original 

report of FeP2 thin films, currents as high as 10-8 A were recorded and a mobility of only 6.53 x 

10-6 cm2/V·s was derived for a 240nm thick film in a horizontal junction with a spacing of 2 μm 

between electrodes.26

When an FeP3 film is deposited across a rough substrate, the surface of the deposited film 

remains remarkably smooth. This observation led to the development of a multilayer deposition 

technique for the fabrication of FeP2 vertical junction devices. In the first stage of film growth, an 

FeP3 film is deposited atop the bottom electrodes and heated to effect conversion to FeP2. The 

films at this stage have are granular with large, deep crevices between film grains and are the 

subject of Chapter 4.  In a second stage, another FeP3 film is deposited over the previous film in 

order to fill up the cracks and crevices of the FeP2 film. Another annealing step coverts the second 

FeP3 layer to a second FeP2 layer. The process can be repeated to grow an arbitrarily thick FeP2 

film with an arbitrary number of layers. Ideally, no cracks will remain in the final FeP2 film, or if 

they do, they will not extend through the entire thickness of the FeP2. Deposition of the top metal 

electrode can then be done without fear of shorting the device.



Figure 5.8. A 20 x 20 μm2 AFM image of a 61 nm FeP2 film grown by sequential deposition and
annealing of four layers. Directly under the film is an Al/LiF electrode. After capturing this image
a top electrode was deposited and electrical characterization of the completed device is shown in
Figures 5.10, 5.11, and 5.12.
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Figure  5.9. Optical  micrographs  taken  through  the  Raman
microscope  of  FeP2  films  grown  in  four  layers  by  sequential
deposition/annealing steps. The 61 nm film (on Al/LiF) shown in (a)
is  the  same  for  which AFM images  can  be  seen  in  Figure  5.8.
Electrical characterization of the finished device made with this film
is available in Figures 5.10, 5.11, and 5.12. A high contrast version
of the image in (a) is shown in (b). Another multilayer FeP2 film (on
Si) made simultaneously but with a different total thickness (37 nm)
is shown in (c).
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Figure 5.8 shows an AFM image of the surface of a multilayer FeP2 film atop an Al/LiF 

electrode grown by sequential deposition and annealing of four layers. While the film thickness is 

61 nm, small pits in the film do not extend more than ~ 20 nm below the surface. Over the 20 x 20 

μm2 area no grain boundaries can be seen. In optical micrographs of these films (Figure 5.9) grains 

are still identifiable by their difference in contrast, but obvious grain boundaries are no longer 

observed. Electrical shorts were rarely found for vertical junction devices formed from these films. 

The electrical characterization of the three junctions formed from the multilayer FeP2 film 

that is the subject of Figures 5.8 and 5.9 is presented in Figures 5.10, 5.11, and 5.12. The anomaly 

that occurs at 21 V in the J-F characteristics of the first junction (Figure 5.10a) is an artifact of an 

automatic ranging feature of the source meter that was not used in subsequent experiments. Each 

junction was able to sustain fields higher than 107 V/cm because the current response was so weak. 

For comparison, the current density in these junctions at a field of 105 V/cm is ~ 10-8 A/cm2 while 

for the FeP3 junctions examined in the last section, current densities approach 10-2 A/cm2 for the 

same field. At the highest fields measured, the slopes of the J-F curves on the log-log plot approach 

2. If the SCLC model is applied, mobilities near 10-11 cm2/V·s are extracted. Whether the devices 

are operating at the SCLC limit or exhibit a J ∝ F2 relationship at high bias only by coincidence, it 

is clear that the charge conduction in these devices is inferior to conduction in the FeP3 devices.

At first, this result seems surprising. Mobilities in crystalline organic semiconductors are in 

general higher than mobilities in amorphous materials.149 This can be attributed to extended 

electronic interactions between molecules. In amorphous materials, molecular interactions are weak

and there is positional and energetic disorder due to the randomness of local molecular 

environments. In Chapter's 3 and 4, it is shown that FeP3 and FeP2 films are amorphous and (poly)



Figure 5.10. Temperature dependence of the J-F characteristic of
Junction 1 of  a  Si/Al/FeP2/Al  device  with a 61 nm FeP2 layer
grown in multiple successive depositions. Full J-F scans measured
every 10 K upon cooling are shown in (a). The anomaly near log(F)
= 6.5  is  caused  by  the  automatic  measurement  ranging   of  the
sourcemeter switching modes at 21 V. A gap (b) is visible between
scans measured at  170 (open circles) and 160 K (closed circles)
which divides the J-T curve into two regions (c).
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Figure 5.11. Temperature dependence of the J-F characteristic of
Junction 2 of  a  Si/Al/FeP2/Al  device  with a 61 nm FeP2 layer
grown in multiple successive depositions. Full J-F scans measured
every 5 K upon warming are shown in (a).  A gap (b) is  visible
between scans measured at 180 (open circles) and 175 K (closed
circles) which divides the J-T curve into two regions (c).
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Figure 5.12. Temperature dependence of the J-F characteristic of
Junction 3 of  a  Si/Al/FeP2/Al  device  with a 61 nm FeP2 layer
grown in multiple successive depositions. Full J-F scans measured
every  5  K upon cooling  are  shown in  (a).  A gap  (b)  is  visible
between scans measured at 170 (open circles) and 165 K (closed
circles) which divides the J-T curve into two regions (c).
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crystalline, respectively. However, even if transport across crystalline domains is efficient, another 

process can hinder conduction in the FeP2 films.

A clue to the conduction-limiting mechanism is found in the temperature dependence of 

the J-F characteristics. A change in temperature of 200 K is seen to effect a change of less than a 

factor of 10 in the current density measured at any field. This behavior is in stark contrast to that 

exhibited by the FeP3 devices which are strongly temperature-dependent. The conduction 

mechanism in these FeP2 films is unlikely to be a hopping mechanism which is thermally activated.

Band transport, as well, is temperature-dependent, though with an inverse relationship, and can be 

ruled out. Only conduction limited by tunneling is expected to occur independent of temperature. 

Most often, tunneling in vertical devices occurs at the interface of the electrode and the molecular 

layer when the barrier to injection is sufficiently high. Injection barriers may exist because of a 

mismatch between the Fermi energy of the electrons in the metal electrodes and the molecular 

orbitals of the semiconductor layer, traps at the interface, or interfacial dipoles. Conduction in such 

devices is injection-limited. Tunneling within the film itself cannot be ruled out, either. The 

boundaries between grains, like the interfaces at the electrodes, might pose barriers that require 

tunneling in order for carriers to traverse. In this case, the conduction through the films would be 

bulk-transport-limited.

The junctions measured for Figures 5.10, 5.11, and 5.12 contained no interfacial LiF 

between the Al electrodes and the FeP2 films. In order to investigate the injection efficiency at the 

electrode-film interface and to provide a better comparison the the FeP3 devices measured and 

presented in the previous section, which contained such interfacial layers, a second FeP2 device 

was fabricated this time placing LiF atop the bottom Al electrode and beneath the top Al electrode.
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The electrical characterization of one junction from this device is shown in Figure 5.13. At a field 

of 105 V/cm, the current density in the FeP2-LiF junction is similar to that of the other FeP2 

junctions and far below that approached by the FeP3-LiF junctions. But, as the field is increased, 

current density in the FeP2-LiF junction quickly outpaces conduction in the FeP2 junctions already

presented. At 106 V/cm, current density is improved by four orders of magnitude. The conduction 

in the improved junctions is still inferior to FeP3 junctions, but it is enough that scanning to higher 

fields could not be undertaken for fear of breakdown. The improved FeP2-LiF junctions still 

exhibit only weak temperature dependence suggesting tunneling as the dominant conduction 

limiting mechanism again. Since the introduction of LiF at the electrode interfaces positively 

affects current in the devices, inefficient charge injection from the electrodes is probably the major 

the current-limiting mechanism for these FeP2 junctions. 

Upon close examination of the J-F curves for each junction, a small gap is noticed that 

appears to divide the sets of curves into two groups. The plots in panel (b) of each of Figures 5.10, 

5.11, and 5.12 show the J-F curves in detail near a field of 106 V/cm where the gaps can be seen 

more clearly. When the current densities at this field are plotted as a function of temperature (panel

(c) of each figure), the gaps are manifested as discontinuities in the resulting J-T curves. The break 

in the J-T curves is small for the first two junctions (Figures 5.10 and 5.11) and might otherwise be

overlooked if it were not for the obvious discontinuity in the J-T curve for the third junction 

(Figure 5.12). On opposite sides of the discontinuity, the temperature-dependence of the current 

density is slightly different. Most intriguing is the abruptness of and temperature range over which 

the change in temperature-dependence occurs. In each case, the discontinuity occurs between two 

sequential scans measured 5 (junctions 2 and 3) or 10 K (junction 1) apart. For junctions 1, 2, and 



Figure 5.13. Temperature dependence of the J-F characteristic of
one junction of  a Si/Al/LiF/FeP2/LiF/Al  device with an 83 nm
FeP2 layer grown in multiple successive depositions. Full J-F scans
measured upon cooling are shown in (a). The high-field region is
examined in detail in (b). The current density at F = 1 x 106 V/cm
is shown as a function of temperature in (c).
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3, the break occurs between the temperatures of 170/160, 180/175, and 170/165 K, respectively. 

That is, the effect is seen near the SCO temperature of FeP2.

During the SCO from HS to LS, the six Fe-N coordinate bonds contract in length by 

around 10% because the antibonding eg orbitals are depopulated. This change at the molecular level

affects the crystal packing and the unit cell of FeP2 is reduced in volume some 5%.74 The FeP2 

films, being comprised of crystalline domains, are expected to experience a change in volume or at 

least a development of strain from this contraction. Recent computational experiments suggest that 

the strain experienced by SCO films undergoing transition may be so great as to cause the films to 

buckle out of plane.151 No evidence of a bucking effect was observed in these films, but a reversible

change in volume could explain the anomaly of the temperature dependence of the current density 

that occurs near the SCO temperature of FeP2.

In some conduction models, the current is strongly dependent on the film thickness. For 

example, for the SCLC model (Equation 5.3) the current varies as a function of the inverse cube of

the film thickness. A small change in film thickness might induce a noticeable change in the current

density at the spin transition. It is shown in Chapter 4 that the crystalline domains of an FeP2 film 

are oriented with the c-axis perpendicular to the plane of the film while the a and b-axes lie parallel

to the same plane. A change in the length of the c-axis might produce a change in the thickness of 

the film and a change in the measured current density. Upon transitioning from the HS to LS state, 

the c-axis of the FeP2 crystal reduces in length by about 1.5 %.74 For an extreme dependence of J 

∝ d-3, the current density could be expected to increase by no more than 5 %. For the junction in 

Figure 5.12 the current density changes by nearly 20 %. More importantly, any shrinkage of the 

c-axis, and therefore the film thickness, should increase the current density but the observed 
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anomaly involves a decrease in J. A change in film thickness that might result from SCO cannot 

explain the observed effect.

The current through a thin film is also proportional to the area of the films. A decrease in 

area of the films should cause a decrease in the measured current, and if a static area is assumed 

when calculating J, as has been done here, then the calculated current density (but not the real 

current density) will show a proportionate decrease. Once again, the reduction of the 

crystallographic axes, this time the a and b-axes, can be used to predict the magnitude of any 

hypothetical change in area that might occur. In this case, the film area can only be expected to 

shrink a maximum of ~ 4 %. The dependence on area is too weak to explain a 20% decrease in 

current. And, adhesion to the substrate likely prevents any major reduction in film area.

It can be concluded that any SCO-induced changes in the film geometry are not the cause 

of the anomaly observed in the J-T curves near 160 to 180 K. Instead, it may be the case that the 

intrinsic mobility of the FeP2 films changes upon SCO. Few experiments to date have measured 

the electrical properties of SCO materials and the results of these experiments are not entirely 

consistent with some authors reporting a higher conductivity for the LS state39,41,43,44,50 and others 

for the HS state.45,152 Differences in sample form and conduction mechanisms (e.g. tunneling vs. 

hopping) complicates comparison. Computational experiments, however, are in agreement and 

predict that the HS forms of SCO molecules should show a higher conductivity.36,37 This conclusion

is reached on the basis of the predicted densities of states for the two spin states. In the HS case, 

there is a higher density of states, both occupied and unoccupied, near the Fermi level. That is to 

say, the HOMO-LUMO gap is smaller for the HS state. The results here are in agreement with the 

computational studies in that conductivity is larger for the HS state. In this work the low 
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temperature (LS) valence-band x-ray photoelectron spectrum was not obtained. Nor was the 

UV-Visible absorption spectrum of the LS FeP2 complex measured. Though, other authors have 

measured the absorption spectrum and have found that the optical gap for the LS complex is 

smaller in energy than that for the HS complex, the optical gap may not accurately represent the 

transport gap. Admittedly, the compatibility of the electrical properties of the FeP2 films here with 

the prior computational studies may only be fortuitous.

A third possible mechanism might be interaction of transported electrons with the unpaired

spins in the HS complex. An effect such as this is expected to cause scattering of transported 

electrons and holes. If this were the case, while in a high magnetic spin state, the film would 

conduct less efficiently and the current density would be higher in the LS state. Once again, this 

explanation cannot explain the results obtained here where the current density is lower below the 

spin transition temperature.

In closing, it must be said that the anomaly in the J-T curves of the FeP2 junctions in 

Figures 5.10, 5.11, and 5.12 is not consistently reproduced. Even for the same junctions for which 

the data is presented, other scans made before or after, on warming or cooling, did not show any 

such anomalies. For example, in the temperature-dependent current density measurements of the 

83 nm multilayer FeP2 film junction with Al/LiF electrodes shown in Figure 5.13, there is no 

obvious change in the dependence that occurs near the SCO temperature. There does appear to be 

a break between the scan measured at 225 and that at 200 K, but this artifact occurred because a 

lengthy pause in time was taken between the two scans.
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5.4 Summary

The amorphous FeP3 films deposited directly from FeP2 lend themselves to vertical 

junction device fabrication. Reproducibility of the electrical characteristics was good for the few 

junctions created. These initial results suggest that the intrinsic mobility of electrons in FeP3 films 

is at least on par with common organic semiconductors and may be higher than the prototypical 

organic semiconductor Alq3. The material might find use as an electron transport layer for 

applications such as light harvesting and organic light-emitting diodes. Further investigation is 

needed to confirm these initial results and to establish the hole mobility of the material. In addition,

UPS and IPES experiments should be undertaken to determine the absolute energies of the HOMO

and LUMO for the material so that appropriate electrode metals can be selected for electron-only 

and hole-only transport.

When the amorphous FeP3 films are converted to FeP2 and built into vertical junction 

devices, the junctions are found to be shorted in every case. The cause of the shorts is probably 

penetration of the vapor-deposited top electrode through cracks and grain boundaries down to the 

bottom electrode. A horizontal device geometry could overcome the need for a top electrode but 

would require inconveniently narrow gaps between electrodes. Instead, films of FeP2 can be built 

up in layers by repeating deposition and annealing stages. The multilayer FeP2 films produced in 

this way possess a smoother topography overall without crevices or cracks between grains. Vapor 

deposition of top electrodes on these films yields measurable junctions reliably. Conduction through

the films is poor. The weak temperature dependence implies that at least part of the 

conduction-limiting mechanism is tunneling. Introduction of LiF at the interfaces of the films and 

the electrodes improves conduction which suggests contact with the Al electrodes is otherwise poor 
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and there is a large barrier to carrier (electron) injection. The temperature dependence of the 

current density occasionally shows a split behavior, being higher above the spin transition 

temperature of FeP2. The origin of this effect cannot easily be ascribed to changes in the geometry 

of the films. Nor can it be assigned to spin-state dependent scattering of charge carriers. It may well

be correlated with the difference in the HOMO-LUMO gaps of the two magnetic spin states. The 

difficulty in providing an explanation for the behavior of the FeP2 films highlights the need for 

further characterization of the electrical properties of SCO materials. Experiments should span a 

large range of materials, scales, and transport mechanisms, but be designed in a more systematic 

way, so that the results are more easily compared between studies.

If proved to exist, any effect from the SCO on the current through the FeP2 junctions is 

small, but not necessarily insignificant. On the other hand, the poor conduction characteristics of 

these films will limit their potential uses. Conductivity is probably limited by injection at the 

electrode interface. Device performance may be improved by selection of different electrode 

materials or introduction of materials at the interfaces in order to mediate conduction between the 

electrodes and films. There is a strong chance that ultimate device performance will be constrained 

by the quality of the FeP2 films at the interfaces and throughout the bulk. A new process for the 

fabrication of films is therefore desired. Other SCO materials which lend themselves more easily to 

thin film preparation are more appropriate for the development of devices based on novel 

SCO-dependent electrical properties. That said, the small effects observed near the SCO 

temperature in these films should encourage activity in the field.



CHAPTER 6

CONCLUSIONS

With recent attention given to nanoscale applications,the field of SCO research is as active 

and energetic as it was at its beginnings in the 1960's and 70's. That early period of exploration was

ignited by the discovery of SCO for the first time in a synthetic complex, i.e. in the title compound 

FeP2. Fittingly, the nanoscale SCO renaissance currently underway was largely motivated by the 

vapor deposition of FeP2 thin films, another first for SCO materials.25,26 At the moment, the next 

target is to realize fully the potentials of SCO materials. There is no doubt that FeP2 will play an 

important role in achieving this goal, as it has done throughout the history of SCO research. This 

work has hopefully taken a few steps long that path.

First, the synthesis by direct precipitation was refined to exclude impurities and consequent 

ambiguities and to maximize yields. This refinement will no doubt increase the attractiveness of the

material to a new generation of scientists and help to maximize the experimental return on 

investment of raw materials. Second, a thorough spectroscopic and structural characterization has 

been completed on the thin films that are deposited directly from FeP2. As it turns out, these films 

were found to be FeP3 instead of the target complex. While unexpected, and as of yet 

mechanistically unexplained, the deposition of FeP3 films from FeP2 could prove to be a blessing 

in disguise. The optical properties of FeP3 are quite interesting especially the change in color that 

occurs on oxidation. Already the effect has been incorporated into an electrochromic display.54 
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Vapor deposition opens an entirely new avenue for the inclusion of this material into active devices.

Additionally, the results of the preliminary electrical characterization given here suggest that FeP3 

has a mobility at least as great as common inorganic semiconductors. Films from this material may 

have an impact on devices in related fields, such as photovoltaics. The possibility exists that through

appropriate ligand modification, SCO-active forms of FeP3 may be deposited into thin films in the 

same way. Thus, FeP3 may become a vehicle in which SCO properties are introduced into current 

and future technologies.

Through much toil and steadfast determination, the primary goals of this work were 

eventually achieved. Films of the SCO-active material FeP2 were fashioned, although not by the  

means originally imagined at the outset of this work. Instead of direct vapor deposition of FeP2 

films, a modified process was developed in which FeP3 films are annealed and converted to the 

target material. The conversion process is completely analogous to the conversion of FeP3 powder 

into FeP2 by pyrolysis. Unfortunately, the ultra-smooth, uniform surfaces of the FeP3 films are not 

preserved upon conversion and the FeP2 films suffer from deep grain boundaries. When vertical 

electrical devices are made from these films, penetration of the top electrodes through the films 

shorts all devices. Yet, by shear persistence in the face of repeated failures, and perhaps 

imprudence, this obstacle, too, was overcome. By depositing and annealing multiple layers of films 

from FeP2 on top of one another, it is possible to grow a granular, polycrystalline FeP2 film whose 

surface is continuous. From these films, vertical devices can be assembled and the first results of 

their electrical characterization has been presented. Conduction through these devices is rather low 

which is perhaps best ascribed to the poor contact between electrodes and the FeP2 films. 

Unfortunately, the nature of the contact seems likely to be an inherent consequence of the 
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fabrication process, i.e. the multilayer film technique. It is doubtful that this technique can produce 

devices of sufficient quality for commercial application. Yet, all is not lost. The multilayer films 

may simply be better suited to other device geometries, such as the field effect transistor geometry. 

Importantly, a small change in the conductivity of the films was observed near the spin transition 

temperature. The HS state of this material appears to be more conductive. Considering that current

in these devices is probably limited by poor injection efficiency where contacted by the electrodes, 

it is quite remarkable and fortunate that any effect was not masked by the more dominant current 

limiting mechanism. It may well be the case that once efficient injection is achieved, current 

through the FeP2 films is bulk transport limited and shows severe effects at the spin transition 

temperature. As this project comes to a close, the hope is that the reader may find this result 

irresistibly tantalizing and forge ahead toward the ultimate aim of SCO modulation of electrical 

current and vise versa.

Finally, the possible manufacture of films of the theoretical complex Fe(phen)(SCN)2, 

called FeP1 here, should not be overlooked. As a one dimensional coordination polymer, the bulk 

properties of this material, including its electrical conductivity, are likely to be different than both 

of the other Fe(phen)X(SCN)2 complexes studied here already. A new molecule means new 

potential and new opportunities. And yet, exploration on this new experimental front should 

progress quickly because of the extensive body of work that already exists for  FeP2 and FeP3. The

optimist might envision in the near future a kind of chemical hat trick in which all three related 

molecules, FeP1, FeP2, and FeP3, leave their mark on the discipline.
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