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ABSTRACT 

The resistance switching phenomenon has been extensively studied in metal oxide 

thin films for its applications in the non-volatile memory industry. The research 

presented here focuses on magnetite thin films which have been electrodeposited onto 

gold-sputtered glass substrates via the electrochemical reduction of a Fe(III)

triethanolamine complex in aqueous alkaline solution. Magnetite was chosen for its 

usefulness in read/write memory applications, its high Curie temperature, its metal-to

insulator (Verwey) transition, and its half-metallic character and attendant spintronic 

properties. Resistance switching behavior caused by a reversible redox reaction at the 

anode was observed in the films, demonstrating that electrodeposited films show the 

same characteristic behavior observed in films deposited via other methods. 

Electrochemical methods, as well as scanning electron microscopy and X-ray diffraction, 

were used to characterize the films. 
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1. INTRODUCTION 

The semiconductor industry has long required a high-density, high-speed and 

low-power memory technology that retains its data even if the power is interrupted [ 1]. 

As device features approach the sub-1 00 nm regime, the semiconductor industry is 

having trouble keeping up [2]. Materials with reversible resistance switching at room 

temperature have become more and more attractive because of their very low power 

consumption, quick switching speed, and non-destructive readouts. While static RAM 

(SRAM) and dynamic RAM (DRAM) are very fast, they are both volatile, which costs 

energy and additional circuitry. Traditional non-volatile Flash memory based on charge 

storage is quickly approaching its scaling limit due to the increasing difficulty of 

retaining electrons in shrinking dimensions. It is also slow (write time> 1 J..lS). Likewise, 

magnetic RAM (MRAM) and ferroelectric RAM (FRAM) have severe scaling problems. 

Resistance switching RAM (RRAM), which is based upon resistance change modulated 

by electrical stimulus, has speed, scalability, and multibit storage potential [1, 3-4]. The 

reading of resistance states is non-destructive, and the memory devices can be operated 

without requiring transistors in every cell, making a cross-bar structure feasible [5-6]. 

Resistance switching programming speeds have surpassed DRAM, matched SRAM, and 

outstripped other new memory technologies like phase-change memory or molecular 

memory [ 6-9]. 

Many solid-state materials show resistance switching characteristics, including 

binary transition metal oxides. These have simple compositions and show resistance 

switching in polycrystalline states, minimizing the requirements for deposition 

techniques, temperatures and substrates. It is therefore possible to use conventional 

industrial techniques at low temperatures to fabricate high-performance resistive 

memory, which is promising for manufacturing and 3D stacking. 

Metal-insulator-metal systems display electrically-induced resistance switching 

phenomena and have thus been proposed as the basis for non-volatile computer memory. 

They unite the benefits of Flash and DRAM (dynamic random access memory) while 

eliminating their drawbacks, and they have the potential to be highly scalable. 
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Fe304 has a much simpler crystallographic structure than many of the other 

candidate materials, making it easier both to model and to prepare experimentally. It also 

has a long history of technological use, so that its preparation and characteristics are well

documented, and it can be grown with only minor modifications to existing techniques. 



2. REVIEW OF LITERATURE 

2.1. BACKGROUND 

Half-metallic ferromagnets have stirred up much theoretical and practical interest 

since de Groot first predicted their existence based on band structure calculations of 

NiMnSb [10]. By definition, half-metallic ferromagnets have metallic character for one 

electron spin population and insulating or semiconducting character for the other. They 

therefore have 100% spin polarization of the conduction band. Much of the interest in 

these materials comes from the potential use of half-metals as pure spin sources in 

spintronic devices which would exploit the electron's spin state as well as its charge to 

make non-volatile, radiation-hard data processing and storage devices [11]. 
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At room temperature, magnetite has a cubic inverse spinel structure, illustrated in 

Figure 2.1, in which the larger 0 ions make up a close-packed fcc structure, with the 

smaller Fe ions occupying two different interstitial sites within the oxygen lattice that are 

denoted as A and B. A third of the Fe ions occupy the tetrahedrally-coordinated A sites, 

which consist only of Fe3+ ions, while the other two-thirds occupy the B sites. The B 

sites are octahedrally coordinated and consist of both Fe2+ and Fe3+ ions in a random 

distribution. From the Verwey transition at 120 K to the Curie temperature at 860 K, the 

moments within the discrete A and B sublattices are anti-ferromagnetically coupled; that 

is, ferromagnetically coupled, but in opposite directions. The spins on A are antiparallel 

to the spins of the B sub lattice, resulting in a negative AB exchange and a net magnetic 

moment from the B site Fe2+ ions. This gives an overall ferrimagnetic character with a 

net magnetic moment of 4.1 Jls per formula unit [ 12]. The theoretical local spin density 

approximation band structure calculations for this ferrimagnetic phase predict that it is 

half-metallic with a spin-up band gap of -0.4 eV and a partially filled metallic spin-down 

hg conduction band [ 13]. Magnetite is a material of interest for magnetic memory and 

spin-dependent transport because it has a calculated spin polarization of 100% at the 

Fermi level [14-15]. Negative spin polarization has also been experimentally confirmed 

[16-18]. 
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Figure 2.1. The structure of magnetite. a) shows the structure above Tv, with the large 
spheres denoting oxygen ions, the black spheres Fe3+ ions in the tetrahedral sites, and the 
cross-hatched spheres Fe3+ and Fe2+ ions in the octahedral sites. b) shows the structure 

below Tv, with the large spheres denoting Fe2+ ions and the small spheres Fe3+ ions. [ 18] 

Fe30 4 undergoes a Verwey transition at 120 K which is marked by a sudden drop 

in conductivity by two orders of magnitude upon cooling through the transition, along 

with a sharp drop in magnetization. Verwey and Haayman interpreted this as stemming 

from spontaneous charge ordering ofthe FeB lattice sites, which causes a structural shift 

from cubic to monoclinic, and the cessation of the two-stage electron hopping process 

4 



5 

between the 2+ and 3+ B lattice sites that is the primary conduction mechanism above Tv 

[19]. 

Since the first report on oxide insulators by Hickmott in 1962 [20], hysteretic 

resistance switching has been observed in a great many materials in a metal-insulator

metal (MIM) configuration. There was a great deal of research into the phenomenon up 

through the mid-1980s [21-23], with a second wave starting in the late 90s, initiated by 

Asamitsu, Kozicki and Beck [24-26]. 

Both nanocrystals and single-crystal thin films display strong electrically driven 

hysteretic switching of electronic conductance once sample temperatures are lowered 

below Tv. The transition is caused not by local heating above Tv, but by an electrically 

driven breakdown of the insulating state. While qualitatively similar resistance switching 

has been seen in other correlated oxides [27-28], the switching in magnetite is a bulk 

effect with a distinct mechanism [29]. 

Since RRAM memory has a simple structure, highly scalable cross-point and 

multilevel stacking memory structures have been suggested. In the resistance switching 

phenomenon, a large change in resistance occurs when pulsed voltage is applied, and the 

resistance of the cell can be set to a desired value by applying the correct voltage pulse 

[30]. The switching speed can be less than several ns [31]. 

There are two classifications with regard to the electrical polarity needed for 

resistively switching MIM systems. The switching is known as unipolar (or symmetric) 

when the switching does not depend on the polarity ofthe voltage and current signal. 

The switching is bipolar (or anti symmetric) when the set to an on state occurs at one 

voltage polarity and the reset to the off state occurs at reversed voltage polarity. The 

structure of the system has to have some asymmetry-such as differing electrode 

materials or the voltage polarity during the initial electroforming step--to display bipolar 

switching behavior. For both unipolar and bipolar resistance switching, reading of the 

state is performed at voltages which are small enough not to affect the state. The 

differing switching characteristics can be seen in Figure 2.2. 



IJ Unipolar 

Voltage 
(few volt range) 

llJ Bipolar 
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(few volt range) 
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Figure 2.2. The two types of resistance switching. a) illustrates unipolar switching while 
b) shows bipolar switching. CC denotes compliance current. [32] 

Theoretical mechanisms for resistance switching in MIM regimes are often 

comprised of a mixture of physical and chemical effects. However, the mechanisms can 

be broadly sorted according to whether their dominant contribution comes from a 

thermal, electronic, or ionic effect. 

Resistance switching driven by a thermal effect is unipolar. It is triggered by a 

voltage-induced partial dielectric breakdown in which the material in a discharge 

filament is modified by Joule heating. During the reset transition, the conducting 

filament is again disturbed thermally by the high local power density generated, on the 

order of 1012 W/cm3 . A critical variable for unipolar switching appears to be the value of 

the compliance current. For instance, it has been shown that a Ti02 thin film displays 

bipolar resistance switching and that this can be changed to unipolar switching by 

increasing the value of the compliance current [32]. 

Another possible source of resistance switching is electronic charge injection 

and/or charge displacement effects. The charge-trap model is one option, in which 

charges are injected by Fowler-Nordheim tunneling in high electric fields and then 

trapped at sites such as defects or metal nanoparticles in the insulator [33]. This changes 



the electrostatic barrier attributes of the MIM structure and therefore its resistance. In a 

slightly different model, the trapping at interface sites is believed to modify the adjacent 

Schottky barrier at various metal/semiconducting perovskite interfaces [34-36]. 
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Yet another possibility is the insulator-metal transition (IMT), in which electronic 

charge injection mimics doping to induce an IMT in perovskite-type oxides. This model 

has recently been extended to bipolar switching [37]. 

Finally, a ferroelectric model has been proposed by Esaki [38] and described by 

Kohlstedt et al [39]. In this model, an ultrathin ferroelectric insulator is assumed whose 

ferroelectric polarization direction modifies the tunneling current through the insulator. 

Bipolar resistance switching connects nanoelectronics to nanoionics since ionic 

transport and electrochemical redox reactions drive the mechanism. One class of 

resistance switching behavior relies on the formation of conductive filaments in the on 

state on the cell; when the polarity of the applied voltage is reversed, the filaments are 

electrochemically dissolved, resetting the system to its off state. A second class relies 

upon the migration of anions (usually oxygen ions) towards the anode, a resultant 

stoichiometry change, and a valence change of the cation sub lattice associated with a 

modified electronic conductivity. 

Faraday's studies of Ag2S established the thermodynamical theory of ionic 

conduction that is characteristic of a solid electrolyte [ 40]. By using solid electrolytes in 

which conduction is due to metal cations, the creation and destruction of a metal filament 

in the MIM system can be controlled. Since the chemical reaction ideally doesn't 

damage the MIM system, the switch will, in theory, work indefinitely [ 41]. 

Since the switching bias voltage is mainly determined by the activation energy for 

the chemical reaction and the ionic diffusion constant, the operating bias voltage can be 

adjusted via the choice of materials for the MIM system, especially the ion-conducting 

material. 

In many oxides, especially transition metal oxides, oxygen ion defects (usually 

oxygen vacancies) are much more mobile than cations. If the cathode blocks ion 

exchange reactions during the electroforming process, an oxygen-deficient region starts 

to form and expand toward the anode. Transition metal cations allow for this deficiency 
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by trapping electrons emitted from the cathode. The reduced valence states of the 

transition metal cations produced by this electrochemical process tum the oxide into a 

metallically conducting phase. This virtual cathode proceeds toward the anode and forms 

a conductive path [42]. Bipolar switching occurs via local redox reactions between the 

virtual cathode and anode by forming or breaking the conductive contact. Depending on 

the charge transfer during resistance switching, the resistance of the system can be set at 

an intermediate level, which may be useful for creating multibit storage in memory cells 

[43]. 

Many transition metal oxides display charge and orbital orderings which show 

themselves as a spatial localization of charge carriers on certain ionic states and electron 

orbitals, respectively. These related ordering processes determine the physical properties, 

such as charge transport and magnetism [44-46]. Magnetite is an important 3d transition 

metal oxide due to its half-metallic character, high Curie temperature (860 K), and the 

presence of a metal-insulator transition, known as the Verwey transition, at 120 K. This 

makes it a promising material for spintronic applications [ 4 7 -49]. 

Despite much experimental and theoretical work, the actual mechanics of the 

electrical transport mechanism in magnetite are still unresolved. Fe304 experiences a 

first-order Verwey transition at Tv=l20 K. Below the Verwey transition, there is a long

range order (LRO) of the Fe2+ valence electrons. At Tv the DC conductivity abruptly 

changes by a factor of about a hundred. Above Tv the DC conductivity increases 

noticeably with temperature and reaches a maximum at T m=305 K (50-51]. 

Most of the proposed mechanisms are predicated on either the hopping or band 

motion of the valence electrons. All the prior quantitative descriptions of the electrical 

conductivity above Tv using the small polaron (SP) model start with interacting SP 

models and take their SP hopping conductivity to be the main conduction mechanism 

[52-56], but these explanations do not adequately explain the electrical conductivity. 

The DC conductivity in the high-temperature phase of Fe304 can be explained by 

superimposing SP band and SP hopping conduction. Band conduction is the dominant 

transport mechanism below room temperature, while at 350 K both contributions are 

equal in magnitude. Above 350 K the SP band conductivity quickly decreases because of 



the exponential decrease in t with temperature, and hopping conduction becomes 

dominant. 

Resistive random access memory (RRAM) is based on resistance switching in 

materials such as transition metal oxides. Natelson's group showed that nanophase 

magnetite deposited via molecular-beam epitaxy displays resistance switching behavior; 

they attributed it to an electric field driven insulator-to-metal phase transition below the 

Verwey temperature of 120 K due to strong electron-phonon coupling [57-58]. Below 

the Verwey transition, magnetite is in a charge-ordered state with strong coupling of 

phonons to conduction electrons [59]. The applied electric field may break down the 

charge-ordered state in the material [60-62]. 

Since the driving mechanism for RRAM has not yet been entirely explained, its 

development has lagged behind that of other candidates for next-generation non-volatile 

memories, making understanding the driving mechanism a critical issue. The proposed 

models can be grouped into categories according to their switching behavior and 

conducting path. 
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For filamentary conduction, as in unipolar switching, thermal redox and/or 

anodization near the electrode/oxide interface is widely accepted as the mechanism 

responsible for the formation and rupture of the filaments [63-64]. Conversely, in bipolar 

switching, electrochemical migration of oxygen ions is considered to be the driving 

mechanism [65]. These mechanisms are illustrated in Figure 2.3, with a typical RRAM 

cell seen in Figure 2.4. 
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Oxide 
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Figure 2.3. Filamentary vs. vacancy conduction. [61] 
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Figure 2.4. A typical RRAM cell. [61] 
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The other kind of conducting path is an interface-type path, in which the 

resistance switching occurs at the interface between the metal electrode and the oxide. 

Several models have been put forth for this type of switching, including electrochemical 

migration of oxygen vacancies [66-71], trapping of charge carriers (hole or electron) [72-

74], and a Mott transition induced by carriers doped at the interface [75-78]. Since the 

memory cell has a capacitor-like structure made of insulating or semiconducting oxides 

sandwiched between metal electrodes, a Schottky barrier is the most likely origin of the 

contact resistance. The amplitude of the contact resistance is attributed to the potential 

profile of the barrier. For interface resistance switching, the switching characteristics 

should depend on the electronic properties at the interface. Studies have shown that 

modifying the electronic properties at the interface does indeed change the resistance 

switching behavior; the carrier concentration at the interface also plays an important role 

[79-80]. For example, oxidative treatment ofRRAM cells has been demonstrated to 

modify their resistance switching properties [81]. 

Sawa's group cited the Schottky barrier effect between the metal (oxide) electrode 

and the insulator as the cause of resistance switching [82], so that the thin interface layer 

(less than a few nm) is responsible for rectifying resistance switching. 

High-to-low resistance switching is driven by the application of high voltage, and 

the up-and-down sweeps of current-voltage (IV) characteristics often exhibit hysteresis 

(that is, the current does not retrace itself when the bias voltage is swept). For nanoscale 

magnetite, the low-resistance state only persists for a certain voltage interval; the system 

then returns to the high-resistance state before the voltage returns to zero. Although the 

high-to-low resistance switching in epitaxial magnetite thin films is driven by the applied 

electric field, the hysteresis observed in IV curves is caused by Joule heating in the low 

resistance state. 

Resistance switching in magnetite occurs only below Tv. where magnetite is in a 

correlated ordered state [83]. This makes magnetite resistance switching a strong 

candidate for the theoretically predicted breakdown of charge-ordered states by electric 

field [84]. 
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Most resistance switching materials show different resistance switching behaviors 

as the film thickness decreases, causing scaling problems. Process integration and 

compatibility are also very important considering that the current technological 

infrastructure is built around silicon CMOSs (complementary metal oxide 

semiconductors). A buffer layer is required to grow an epitaxial oxide on Si [85]. 

The biggest issues in the practical use of RRAM are data retention, memory 

endurance, and the variations among different cells and chips. A data retention time of 

over I 0 years can be extrapolated from high-temperature measurements [86-88], while an 

endurance of I 06 cycles has been seen in a NiO cell [89]. If borne out, these numbers 

would make RRAM an acceptable alternative to Flash memory, but a statistical study on 

reliability is still essential. 

2.2. THEORY 

For magnetite, the electron-electron interactions, electron-phonon interactions, 

and the electronic bandwidth are all of similar magnitude [90]. This results in electronic 

properties not seen in simpler materials with weak electron-electron interactions. Above 

the Verwey temperature, magnetite forms an inverse spinel structure AB204, with the 

tetrahedrally-coordinated A sites occupied by Fe3+ and the octahedral, mixed-valence B 

sites evenly split between Fe3+ and Fe2+ atoms. One explanation for the Verwey 

transition attributes high-temperature conducting to fluctuating valences of the B sites, 

with the transition arising from B-site charge ordering as the temperature decreases, and a 

simultaneous first-order structural phase transition to a monoclinic unit cell. However, 

the actual mechanism is under debate [91-92], with some researchers crediting the 

structural degrees of freedom as responsible for the change in conductivity [93-94]. 

Recent theoretical research has made strides in describing the complicated relationship 

between charge and structural degrees of freedom [95-96], including a model of the 

transition mechanism with strongly correlated 3d Fe electrons amplifying the electron-

phonon couplings [97]. 

One of the mechanisms that affects the magnetotransport behavior of magnetite is 

its anisotropic magnetoresistance (AMR). In ferromagnetic materials, AMR is caused by 



spin-orbit interaction, which results in the intermixing of spin-up and spin-down states 

[98-1 00]. This mixing depends on the magnetization direction and so causes a 

magnetization-direction-dependent scattering rate. Therefore, the conductivity of a 

saturated sample is affected by the angle between the electrical current J and 

magnetization M. The angular dependence is 

(1) 

where p 11 and p.L are the resistivities for M II J and M .L J, respectively [ 101]. 
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Various mechanisms have been put forward to explain the origin of AMR and its 

connection to spin-orbit coupling. In epitaxial thin films, additional AMR features are 

observed at low fields and are related to the magnetocrystalline anisotropy. The AMR 

shows a deviation ofthe angular dependence from the cos28 curve [102-103]. There is 

also an anomalous temperature dependence where the magnitude of AMR peaks at a 

temperature close to the Verwey transition. The cause ofthis anomaly is hotly debated 

[1 04-1 05]. 

The temperature dependence of resistivity in magnetite films suggests that 

electronic transport in magnetite is a thermally activated behavior. Three regions with 

different activation energies can be delineated [106]. The first is a high-temperature 

region (T > 200 K), the second is middle-temperature Gust above Tv to -200 K), and the 

third is low-temperature (below Tv), referred to as regions I, II and III, respectively. For 

mechanisms, small-polaron hopping 

(2) 

seems to fit well for I, Arrhenius law/band-gap model 

_ e(Ea/k T) p-poo B 
(3) 

for II and III, and variable-range hopping 
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(4) 

for temperatures below Tv [ 101]. The existence of two different electrical conduction 

regions above Tv (i.e. I and II) in magnetite agrees well with Ihle and Lorenz's model for 

small-polaron (SP) band and SP hopping conduction [107], with the first dominant at 

lower temperatures (II, just above Tv) and the latter at higher temperatures (1). 

Piekarz et al. [ 1 08-1 09] proposed a mechanism for the Verwey transition as a 

cooperative effect between the intra-atomic Coulomb interaction of Fe ions and phonon

driven lattice instability. Their model shows that the strong electron-phonon coupling 

induces local crystal deformations and a polaronic short-range order above Tv; the signs 

of the Verwey transition already appear around 200 K [110-112]. According to them, the 

x3 transversal optic phonon mode is responsible for the appearance of charge-order 

stabilization at temperatures above the Verwey transition. The charge ordering 

precipitates a charge disequilibrium between the B-site Fe ions ( octahedrally coordinated 

cation sites in the spinel structure of magnetite), departing from the average Fe+2.5 state to 

Fe +2 and Fe +3 at different octahedral sites. Thus, the charge ordering enhances the effect 

of the spin-orbit interactions. 

Above the Verwey transition, magnetite has an inverse spinel structure due to an 

ordering of the ferrous and ferric ions in the octahedral interstices of the spinel lattice, 

which necessitates a transition to an orthorhombic structure [113]. From observations of 

the conductivity above and below the Verwey transition as well as of magnetically

induced anisotropy below Tv, it seems that the dominant conductivity mechanism in 

magnetite is that of electron hopping between the ferrous and ferric ions in the octahedral 

lattice sites. For the nucleation process required to initiate the growth of a conductive 

filament, the rate of critical nucleation is proportional to e<const/6 J.t>, where 6J..1 is the change 

in chemical potential describing the superheating of one phase with respect to the other 

[ 18]. ~J.l is proportional to the overvoltage applied to the junction, and the delay time is 

inversely proportional to the rate of critical nucleation and follows the form td-Ae81<v-v R> 

[18]. 
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One complication in understanding the transport mechanism is the fact that in 

Fe304 there is a significant amount of electronic short-range order (SRO) above Tv [114]. 

Therefore, the traditional one-particle concepts do not apply. For instance, the increase in 

DC conductivity with temperature above Tv does not preclude describing it in terms of 

band conduction, since the breakdown of SRO with temperature leads to a thermally 

activated band conductivity [114]. However, since hopping models also yield a thermally 

activated DC conductivity, it is often difficult to separate DC band conduction from 

hopping conduction mechanisms. 

Many studies have noted the occurrence of two types of strong interaction 

between the valence electrons in Fe30 4: the electron-phonon interaction resulting in the 

formation of small polarons and the intersite Coulomb interaction that leads to a strong 

correlation or high SRO [115-116]. Thus, in a theory of small polaron conductivity, the 

polaronic SRO due to intersite SP-SP interaction has to be taken into account. It appears 

that the main DC conductivity mechanism below Tv and slightly above Tv is band 

conduction of strongly correlated SP. At higher temperatures, a gradual transition from 

SP band conduction to SP hopping conduction should occur. DC conductivity ofFe304 

can be explained by combining both conduction models. 

The small polaron, formed by the extra spin-down B-site electron at the Fe2+ ions, 

can be expressed by the following Hamiltonian [117]: 

H=Ho+Ht (5) 

"' \TJ c +c Ht= -t~<ij> Tjj i j (6) 

(7) 

(8) 

(9) 



A -A * -1( -iqR -iqR Llqvij- qv ffiqv e i - e j) 

where 

i, j label the B sites 

ni=ci+Cj and ci+, bq/ are the creation operators for aSP and a displaced phonon 

t=nearest-neighbor transfer integral 

Eb=SP binding energy in t=O limit 

Aqv=electron-phonon coupling 

Uij=effective SP-SP interaction energies 

and V ij=Coulomb integrals in the absence of phonons. 

(10) 

(11) 

The model is considered in the narrow-band limit (t<<Eb), so the transfer term H 1 is 

treated in the lowest-order perturbation approach and is rewritten as 

(12) 

(13) 

t=te-ST (14) 

(15) 
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Hb describes SP transitions without changes of the phonon occupation numbers (diagonal 

transitions) and results in an effective SP band. Hh describes transitions that are 

accompanied by multi-phonon processes (non-diagonal transitions). The nearest

neighbor SP-SP interactions U 1 and So are related by 

U 1=(4.84/ex- 0.47So) eV (16) 
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where Ex is the high-frequency background dielectric constant [115]. Because ofthe 

spinel structure of Fe304, the interaction U 1 mostly determines the SRO properties of the 

B site lattice, while the LRO is stabilized by a different interaction an order of magnitude 

smaller than U 1 [ 118]. The relevant characteristics of the physical quantities and 

mechanisms mentioned here are determined by the degree of SRO. From experiments, 

the relation U 1>>kT v>t is assumed. This gives a near-perfect SRO up to Tv· 

The first-order character of the Verwey transition is a SRO effect. If the free 

energies of the LRO phase and the phase without LRO are compared as functions of 

temperature, then according to the Anderson property and the macroscopic ground-state 

degeneracy of the SRO states, the entropy in the phase without LRO has a significant 

value at Tv~ generating a very steep slope of the free energy. In the LRO phase (i.e. 

without any ground-state degeneracy), the entropy has a very small value up to Tv. 

Therefore, the two free energy curves intersect at Tv, indicating a first-order Verwey 

transition. In the Hartree approximation, which ignores SRO, the transition is found to be 

second-order. This underscores the fact that the first-order nature of the Verwey 

transition is a SRO effect. 

Below Tv the LRO has roughly the same degree as at T=O; at Tv it suddenly 

vanishes. Since the SRO below Tv is enhanced by LRO, it drops abruptly at Tv but is 

large just above Tv· As the temperature increases, the SRO breaks down. Heat capacity 

measurements give an entropy change at Tv of ~Sv~6 J/mol-K [119-120]. If ~Sv is 

compared with the configurational entropy for complete charge disorder, 

Smax=2Rln2=11.5 J/mol-K~ and the very low value of S(Tv-) is taken into consideration, 

the sharp deviation of the entropy from Smax above Tv illustrates the high degree of SRO 

above the Verwey transition. 

Below Tv. there are two sub-bands, with a width of approximately 6t, separated 

by a gap ofEg~2U 1 . At T=O the band at 2U1 is fully occupied while the 4UI band is 

empty. At Tv the sudden drop in SRO causes the advent of another sub-band at the 

chemical potential J.t(T)~3U 1 . In accordance with the breakdown in SRO with increasing 

temperature, the density of states in the sub-bands at Jl and Jl ± u~. respectively, increases 

and decreases with temperature. The sub-band at 2UI and the band at 4UI are denoted by 
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the SP valence and SP conduction band, respectively. Because kT<<Ut. the density ofn

type current carriers, nn, thermally activated across the gap Eg-2U 1 is very small, and the 

system of those carriers can be thought of as a dilute gas of weakly interacting quasi

particles. Their contribution to the band conduction stems from the motion in the SP 

conduction band, meaning that ann-type quasi-particle moves between sites that are 

surrounded by four SP. This site environment is created by the nearly perfect SRO and 

provides a rigid background over which the quasi-particles move. Meanwhile, the 

thermal activation causes a small density np for p-type quasi-particles in the SP valence 

band, where np=n0 • Figure 2.5 gives a qualitative representation. 
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Figure 2.5. Energy level diagrams for magnetite. a) shows the band scheme and b) shows 
the one-particle density of states (for constant T>Tv). [121] 



In addition to the excitation of single n- and p-type current carriers, thermal 

excitation of n-p nearest neighbor pairs also occurs in magnetite. The creation of these 

pairs manifests in the charge transfer to an empty nearest-neighbor site. Since there is 

almost perfect SRO below Tv, this process requires the energy U 1, as does the 

dissociation of the n-p pairs into single current carriers; this is due to the almost perfect 

SRO in the B-site lattice [114]. Therefore, the excitation of current carriers by the 

formation ofn-p pairs requires the same energy (2U1) as the direct activation of single 

particles and holes, and the DC band conductivity below the Verwey transition follows 

the Arrhenius law with the activation energy Ea=U 1· 
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For the DC band conductivity above Tv, the conduction inside the band at J..l is 

metal-like. However, the destruction of SRO with increasing temperature gives a 

thermally activated concentration of current carriers and an increasing density of states in 

this band. Above the Verwey transition the quasi-particle concept and the 

semiconductor-like model that are valid for T <Tv break down. The sharp decrease in 

SRO at Tv results in a discontinuous increase in the DC conductivity at Tv, while the 

destruction of SRO with increasing temperature gives a thermally activated DC 

conductivity. 

The SP band conductivity for ro<<U1 obeys the Drude law 

(17) 

where -r is the mean transport relaxation time. The temperature dependence of -r is 

assumed to be negligible in the temperature region where the band conduction is essential 

(T<400 K). 

Below the Verwey transition, the DC conductivity obeys the Arrhenius law 

crb v (T <Tv )=cro v f3U 1 e -f3U 1 (18) 

with the prefactor cro v showing only a weak temperature dependence. 



With increasing temperature, the SP hopping conductivity adds to the total 

conductivity, since the rise in the mean phonon occupation number increases the 

probability of multi-phonon processes. 

For the SP hopping conduction in the presence of SRO in the high-temperature 

region T> To(> Tv), we have 

(19) 
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The hopping conduction for T0<T<500 K stems from non-adiabatic SP hopping in 

the quanta} (sub-barrier tunneling) regime. 

Resistance switching in magnetite can be explained in terms of a self-heating 

model caused by Joule heating. At high enough power inputs, a threshold is passed and 

the sample develops negative resistance according to the equation 

- J · E = -pCp(oT/ot) + V · (KVT) (20) 

where J is the current density and E is the electric field [122]. 
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3. EXPERIMENTAL 

3.1. METHODS 

As discussed in the prior literature review, resistance switching behavior has been 

observed in many transition metal oxides, including magnetite thin films deposited via 

methods such as magnetron sputtering and molecular-beam epitaxy. While the 

underlying theory is the same regardless of deposition method, the practical 

implementation of the resistance switching phenomenon calls for a simpler fabrication 

method. The purpose of this thesis is to show that resistance switching also occurs in 

magnetite films fabricated via electrodeposition, a novel production method that shows 

promise for use in the computer memory industry. 

The magnetite thin films examined here deposit via a two-step 

electrochemical/chemical (EC) mechanism, and the surface concentrations of Fe(III) and 

Fe(II) can be tightly controlled by varying the applied potential. The stock solution used 

had 90 mM Fe(III), 100 mM triethanolamine (TEA), and 2M NaOH and was stirred at 

200 rpm and 80 °C. The solution was prepared by slowly adding Fe(III) dissolved in 

water to a stirred solution ofNaOH and TEA. The Fe2(S04)3 hydrate, TEA and NaOH 

were purchased from Aldrich (Milwaukee, WI). The solution slowly decomposed in air 

over a period of several days. For the resistance switching measurements, the films were 

deposited onto glass microscope slides covered with a 1 000-A layer of Au( Ill). In order 

to measure the lattice parameter along the a-axis, the films were deposited onto stainless 

steel pucks. Since both of the substrates and magnetite exhibit fcc crystal structures with 

lattice parameters which are multiples of each other's, the lattice matching is good and 

the property measurements are comparable between substrates [123]. The deposition of 

Fe30 4 is thought to obey the following equations [124]: 

Fe(TEA)3+ + e- 7 Fe2+ +TEA (21) 

(22) 
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The electrochemical experiments were done using an EG&G Princeton Applied 

Research model2273 (Oak Ridge, TN) potentiostat/galvanostat. The depositions were 

performed in an undivided cell with the solution exposed to the atmosphere. The 

reference electrode was Ag/ AgCl. The cyclic voltammogram was run on a 0.02 cm2 Au 

electrode in an unstirred solution at 50 m V /s. The linear sweep voltammogram was run 

at the same scan rate but in a stirred solution on a Au( Ill) single crystal. 

The XRD scans were done on a high-resolution Philips X' Pert MRD 

diffractometer (Eindhoven, The Netherlands). The primary optic module was a 

combination Gobel mirror and 2-crystal Ge(220) 2-bounce hybrid monochromator; the 

secondary optics module was a 0.18° parallel plate collimator. The hybrid 

monochromator produces pure Cu Ka1 radiation (/...=0.154056 nm) with a divergence of 

25 arc seconds. Asymmetric 28 scans were used to confirm that the thin films were 

indeed magnetite, and Rietveld analysis was employed to obtain the lattice parameters 

along the crystallographic a-axis. 

The morphology of the films was examined using a Hitachi S4700 SEM 

(Pleasanton, CA). To capture a cross-sectional image, the microscope slide was cleaved 

and viewed edge-on. 

To examine the resistance switching characteristics, the sample was maintained at 

a temperature (here 77 K) below Tv (120 K) at which the material is still insulating and in 

a correlated ordered state. When either the applied current or voltage is swept, magnetite 

experiences an insulator-to-metal phase transition and the resistance sharply decreases. 

High-to-low resistance switching in single-crystal magnetite has been credited to either 

an insulator-to-metal phase transition driven by Joule heating caused by current flow 

through the sample or to an electric-field driven transition due to strong electron-phonon 

coupling. 

For this study, pressed In contacts were made to the film and to the Au(lll) 

substrate. This arrangement ensures perpendicular transport of charge through the 

sample. The sample was held below the Verwey transition via immersion in liquid 

nitrogen at 77 K, and the bias was measured as the applied current was swept from 0 to 2 



A at a scan rate of 50 mA/s. Multiple films deposited at biases of -1.01 V and -1.065 V 

vs. Ag/ AgCl, respectively, were examined. 

3.2. RESULTS AND DISCUSSION 
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The asymmetric XRD 28 scans seen in Figure 3.1 show that crystalline magnetite 

(Fe304) is being deposited onto the substrates, with strong peaks from the (311) and ( 440) 

reflections. The electrodeposited film is not maghemite, as indicated by the absence of 

the mixed-index reflections characteristic ofy-Fe20 3. For thin films, asymmetric scans 

are preferred because the films are textured, making accurate phase identification 

difficult. An asymmetric scan holds the incident angle constant while the angle between 

the sample and detector is allowed to vary. This method largely avoids detecting the 

planes perpendicular to the surface normal. However, symmetric scans are better suited 

for determining preferred orientations. 
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Figure 3 .1. Asymmetric XRD 28 scans of films. a) was deposited at -1 .01 V and b) at 
-1.065 V. (s) denotes a substrate peak. 

The surface morphology of the films can be seen in the SEM micrographs 

presented in Figure 3.2. A film deposited at a) -1.01 V vs. Ag/AgCl shows an ordered, 
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triangular morphology, while the -1.065 V film shown in plan-view in b) evidences a 

globular morphology. The columnar nature of the morphology can clearly be seen in the 

cross-sectional micrograph c). 

a) 

b) 

c) 

Figure 3.2. SEM micrographs offilms. a) shows a film gr?wn at -1.01 V , b) at -1.065 V, 
and c) at -1.065 V in cross-sectiOn. 
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At 80 °C, the anodic and cathodic peaks are separated by I 00 m V, as is evident 

from the cyclic voltammogram of the unstirred stock solution shown in Figure 3.3. 

Reduction begins around -1.00 V and reaches a cathodic peak at -1.13 vs. Ag/ AgCl, 

while the anodic peak is found at -1.03 V. Fe304 starts to deposit at a potential of -0.99 V 

vs. Ag/AgCl; the reaction becomes mass-transport limited at -1.2 V, as seen in the linear 

sweep voltammogram of the stirred stock solution in Figure 3.4 [ 124]. The mass 

transport is mainly controlled by convection [124]. 
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Figure 3.3. Cyclic voltammogram of unstirred stock solution. 
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Figure 3.4. Linear sweep voltammogram of stirred stock solution. 

At low overpotentials where I=O, the surface concentration of Fe(TEA)3+ should 

approach zero. The surface concentration can be calculated from [ 124] 

I!It,c = [CFe(III)(bulk)- CFe(m)(surface)]/CFe(III)(bulk) 

where I is the measured current, CFe(III)(bulk) is the bulk concentration of Fe(III) in 

solution, and CFe(IIl)(surface) is the Fe(III) concentration at the electrode surface. 

Stoichiometric Fe304 should deposit at -1.06 V vs. Ag/AgCl, where I/ILc=1/3. At 

potentials more positive than -1.06 V, the film should have an excess of Fe(III); at 

potentials more negative than -1.06 V, there should be an excess ofFe(II). 

(23) 

Fe30 4 deposited at -1.05 to -1.06 V vs. Ag/AgCl has an a-axis lattice parameter 

that agrees well with the accepted value for Fe30 4 . In addition, the temperature of the 

Verwey transition reaches a maximum of 123 K for a film deposited at -1.065 V, 

compared to 103 K for a film deposited at -1.01 V [124]. Since non-stoichiometry has 

been shown to lower the temperature at which the Verwey transition occurs, these results 

suggest that nearly stoichiometric magnetite is produced at -1.065 V vs. Ag/ AgCI. This 
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is supported by the graph of lattice parameters along the a-axis over a range of potentials 

in Figure 3.5, which shows the variation in stoichiometry for films deposited onto 

stainless steel substrates. The dashed line represents the stoichiometric lattice parameter 

for magnetite. The data are reproducible, with an uncertainty of ±0.005 nm. While Fe3+ 

is a smaller ion than Fe2+, the films with excess Fe3+ ions exhibit a larger lattice 

parameter than those without. This may be due to the creation of oxygen vacancies in the 

films deposited at more positive potentials, which are thicker than films grown at more 

negative potentials. This results in a higher charge density and more current being passed 

through the sample, which produces Joule heating. At higher temperatures, more 

vacancies are formed [125] . 
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Figure 3.5. Lattice parameters along the a-axis over a range of potentials. 



29 

When the resistance switching behavior of the films is examined, it is evident that 

electrodeposited magnetite thin films do show an insulator-to-metal transition. The curve 

for a -1.065 V film is non-Ohmic, but it displays abrupt low-to-high resistance switching 

at applied biases of +0.95 and -0.93 V vs. Ag/AgCl, as seen in Figure 3.6. While this 

effect is obvious for films deposited on Au-on-glass substrates, it has not been observed 

in films grown on Au(111) single-crystal substrates. For that case, only magnetite 

superlattices (crystallographically coherent multilayers) show resistance switching 

behavior [ 124]. 

Unlike the high-to-low resistance switching observed at higher biases, the low-to

high resistance switching seen here is not caused by the insulator-to-metal phase 

transition that occurs at Tv. since a similar transition has been seen in nanophase Fe304 at 

room temperature [ 126]. Odagawa credited this behavior to field-driven oxidation of 

Fe30 4 to the less conductive y-Fe20 3 (maghemite; a=0.83515 nm, space group P4,32) at 

the interface between the metallic anode electrode and the Fe304 film [ 127]. That study 

found maghemite at the interface using Raman spectroscopy. While further study is 

required for verification, it is assumed that is also the case here. 
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Figure 3.6. IV curve for -1.065 V film with a charge density of 1 C/cm2 . 

It can also be seen in Figure 3.7 that films grown at higher and lower charge 

densities, and therefore larger and smaller thicknesses, still show resistance switching 

behavior. This tolerance for changes in the deposition conditions would be useful in an 

industrial setting, where such parameters can be difficult to tightly control. Furthermore, 

these results support the scalability of magnetite RRAM, since the thinner films still 

perform. 

30 



I • 0.5 C /cm2 I 

-1 

-2 

-2.0 - 1.5 - 1.0 -0.5 0 .0 0 .5 1 .0 1.5 2.0 

Potential (V) 

-1 

-2.0 -1.5 -1 .0 -0.5 0.0 0 .5 1.0 1.5 2.0 

Potentia I (V) 

I • 5 C/cm2 I 

- 1 

-2. 0 -1 .5 - 1.0 -0 .5 00 0 .5 1 0 1.5 20 

Potential (V) 

Figure 3.7. IV curves for films with charge densities of a) 0.5, b) 3 and c) 5 C/cm2 . 

In terms of a proposed resistance switching mechanism, the presence of 

maghemite is consistent with the increased resistance seen at the anode, since it has a 

high resistivity of above 102 n-cm [128]. This suggests that the bistable change occurs in 

the nanometer-scale region and is consistent with the oft-proposed model in which 
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switching is initiated at a local region near an interface between an oxide and a metal 

[129-135]. The resistance switching behavior can be expressed in terms of the redox 

reaction [136] 

(24) 
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which occurs near the anode interface when an electric field is applied. The 

electroformed higher resistance is caused by the migration of 0 2- ions in the Fe30 4 film . 

The electron extraction from an anode induced by the application of negative voltage 

pulses would result in 0 2- migration and accumulation around the anode, creating a y

Fe203 layer that covers the anode. The 0 2- used in the reaction may have been 

preexisting in the anode, which is corroborated by results showing electroforming and 

stable switching behaviors even in vacuum [ 13 6]. Likewise, appropriate amounts of 0 2-

in the Fe304 layer are vital for reliability, such as the retention time and endurance of the 

device [137-138]. The low resistance state is caused by reduction ofthe maghemite layer 

on the anode. Electron injection from the anode upon the application of positive voltage 

pulses drives the migration of 0 2- ions and produces a local spot of Fe304 in the 

maghemite layer on the anode. Afterwards, bistable switching is caused by a reversible 

redox reaction at the local spot in the same manner. This is also supported by the 

recently put-forth mechanism in which the local change in oxygen concentration at the 

anode interface is essential to obtaining a secure switching response [ 13 9]. 
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4. CONCLUSIONS 

Magnetite thin films were electrodeposited onto 1 000-A Au-on-glass and stainless 

steel substrates via reduction of a Fe(III)-triethanolamine complex in aqueous alkaline 

solution at biases of -1.01 V and -1.065 V vs. Ag/AgCl. The films were characterized 

using electrochemical methods, including cyclic voltammetry and linear sweep 

voltammetry, as well as X-ray diffraction and scanning electron microscopy. Pressed In 

contacts were made to the film and to the gold substrate, and when the films were held 

below the Verwey transition temperature of 120 K , they clearly displayed bipolar 

resistance switching behavior as the applied current or voltage was swept. Since the 

previous literature on resistance switching has dealt with either the phenomenon in other 

materials or in forms of magnetite other than electrodeposited thin films, this is a 

significant result. While verification with Raman spectroscopy is still required, the 

resistance switching behavior is likely caused by the migration of 0 2- ions in the film and 

a reversible redox reaction that occurs at the anode. These results demonstrate that 

electrodeposition can produce viable, scalable magnetite thin films for resistance 

switching applications, and that the method described here can be employed for use in the 

non-volatile computer memory industry. Future work remains to be done on the 

statistical reliability of these electrodeposited thin films as well as on their use in the form 

of superlattices. 
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