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Figure 4.4: Current-voltage characteristics at various temperatures for a device based on
10 nm magnetite nanocrystals. (a) shows I − V curves observed at temperatures above
TV . I − V curves in (b) were measured more tighter range of temperatures around the
Verwey transition. Inset is zoomed-in version for the marked area. The ones showed in
(c) were from lower temperatures. Arrows indicate the direction of the hysteresis for 60
K data. (d), (e), and (f) are dI/dV for (a), (b), and (c), respectively.
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various gap sizes.

The emergence of the transition becomes more obvious in dI/dV plot shown in Fig-

ure 4.4 (d), (e), and (f). Inset in Figure 4.4 (e) clearly shows the emergence of disconti-

nuity below 120 K, which develops to huge jump in I − V curves at lower temperatures

(Figure 4.4 (c) and (f)). In fact, when d2I/dV 2 is plotted, it starts to show a hint of

discontinuity feature development at high as 150 K.

First and probably the most important part that requires further clarification is

whether this voltage driven transition from low conducting state to high conducting state

is due to local heating or not. We believe there are several evidences indicating these

sharp conductance transitions are not the result of local heating (as in macroscopic sam-

ples of Fe3O4[85, 86] and in the Mott insulator VO2[87, 88]), but rather are electrically

driven. In the worst-case scenario, all of the I × V Joule heating power is dissipated

within the magnetite. The local steady-state temperature is determined by the power

dissipated and the thermal path. Thermally driven switching would then correspond to

raising the local temperature above TV . At a fixed cryostat temperature an improved

thermal path would imply that more power dissipation would be required for a given local

temperature rise. Similarly, for a fixed thermal path, the necessary dissipated power for

thermal switching would approach zero as T → TV . Furthermore, at a given cryostat

temperature thermally-driven switching would imply that the power dissipated at the

low-to-high conductance transition (needed to raise the local temperature to TV ) should

be close to that at the high-to-low conductance transition.

The thermal conductivity, κ, of magnetite is dominated by phonons in this temper-

ature range, and limited by phonon-electron scattering[89], even when T > TV . As a
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Figure 4.5: Power required to switch from the insulating into the more conducting state
as a function of temperature, for a device based on ∼ 20 nm diameter nanocrystals.

result, κ increases as T is decreased through and below TV , and the materials thermal

coupling to the cryostat improves as T is reduced. In all devices showing switching,

the electrical power required to switch from low to high conductance decreases with

decreasing T , with Figure 4.5 showing one example. This is precisely the opposite of

what one would expect from thermally-driven switching. Similarly, in all devices the

power dissipated at switching does not approach zero as T → TV , again inconsistent

with thermally-driven switching. Furthermore, at a given T the power dissipated just

before V is swept back down through the high-to-low conductance threshold significantly

exceeds that dissipated at the low-to-high point in many devices, including those in Fig-

ure 4.4, inconsistent with thermal switching expectations. Finally, nanocrystal and thin

film devices show quantitatively similar switching properties (Figure 4.6) and trends with

temperature, despite what would be expected to be very different thermal paths. These
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Figure 4.6: Current-voltage characteristics at various temperatures for a device based on
50 nm thick magnetite film grown onMgO substrate. (a) shows I − V curves observed at
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Figure 4.7: Hysteresis loops at various sweep rates on a nanocrystal device are shown.
Voltage sweep rates were varied from 0.7 V/s up tp 70 V/s.

facts rule out local heating through the Verwey transition as the cause of the conductance

switching.

4.3.2 More Details

As seen in both Figures 4.4 and 4.6, all conductance transitions below TV are accompanied

with hysteretic behavior depending on the voltage sweeping direction. These get more

and more dramatic as T is decreased due to increase of threshold voltage for the switching.

The transition in all devices are extremely sharp, with widths less than 50 µV, though

in repeated sweeps at a fixed temperature, there is sweep-to-sweep variability of a few

mV in switching thresholds. Furthermore, when tested with various sweep speed at a

fixed temperature, the switching voltage and the sharpness of transition were maintained

even with very fast (70 V/s) speed. This indicates that the switching process is relatively

rapid. Figure 4.7 shows details of hysteresis loops on a nanocrystal device with various

sweep rates.

The fact that the conductance transition is driven electrically can be also backed up
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by a plot of the low-to-high conductance switching volatge as a function of gap size L in a

series of film devices for several temperatures (Figure 4.8). The linear dependence implies

that the transition is driven by electric field itself, rather than by the absolute magnitude

of the voltage or the current density. Tha fact that the voltage extrapolates to a nonzero

value at L = 0 is likely a contact resistance effect. The length scaling of the transition

voltage also demonstrates that this is a bulk effect. The contacts in all of these devices are

identical, so any change in switching properties must result from the magnetite channel.

This is contrast to the resistive switching in Pr0.7Ca0.3MnO3 (PCMO) that is ascribed to

a change in contact resistance due to occupation of interfacial states[90].

One of possible explanation of the switching features is that the nonequilibrium carrier

distribution contributes to destabilizing the insulating state. In the presence of a strong

electric field a carrier can gain significant energy even in a single hopping step, even

though carrier relaxation times are very short. A rough estimate of the average critical
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electric field for switching at 80 K is 107 V/m, from the slope of the line in Figure 4.8. The

high temperature cubic unit cell is 8.4 Å on a side, meaning that a carrier traversing one

cell would gain approximately 8.4 meV, comparable to kBTV ≈ 10.3 meV. Conductance

switching at such high fields may require consideration of such nonequilibrium carrier

dynamics.

The gate and magnetic field dependences of nanocrystal devices were also tested.

However, the switching characteristics were very much immune to any of those changes,

possibly because of poor coupling between nanocrystal samples and the substrates used

as a gate due to the same reason why some devices have bad contacts. Tested gate

biases were between ± 80 V, and the field was brought up to ± 9 T. For both cases,

voltage driven-transitions at lower temperature were still maintained with no obvious

disturbance. Even with the case of underlying MR effect at high magnetic field, because

of larger switching effect compared to MR effect, overall profile of the curve seemed

unchanged at a larger scale.

Regardless of some limitations, we believe the electric-field driven transition seen in

this material can serve us a new and important method of studying Verwey transition. On

top of that, this also demonstrates that nanostructures of strongly correlated materials

can lead to previously unknown physics which will help us in extending our understandings

in such systems.



Chapter 5

Conclusion and Outlook

In this thesis, we investigated various types of magnetic materials to extend our un-

derstanding on electron transport in long-range, strongly correlated systems. For all

samples, e-beam lithography was used in order to fabricate sample geometries that were

sub-micrometer scales. Electrial measurements were used for both investigations of mag-

netic properties and of electron coherence.

5.1 Nanowires

For nanowire samples, initial measurements using conventional four-terminal setup demon-

strated and varified samples’ ferromagntic properties in the temperature range where our

interest lies. Metallic nanowires (Py samples) showed typical negative magnetoresistance

effect under varying magnetic fields with saturation field ranges around 1 T with fairly

small switching fields at around 0.5 T suggesting its ferromagnetic properties as expected.

In case of DMS samples, the MR effect and Hall effect measurements even showed dis-

tinctive development of ferromagnetism across the Curie temperature of the samples well

above the temprature range that we are interested in.

TD-UCF measurements in two distinct types of materials provided several interesting

aspects regarding magnetic ordering present in our samples. The suppression of cooperon

contribution was one of the interesting outcome in metallic ferromagnetic samples. Other

interesting results include: 1) domain wall motion as a possible scattering source[46] and

89
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2) stronger temperature dependence of noise power which leads us to believe that there

must be different decoherence mechanism compared to normal metal cases.

In DMS samples, noise power DID show certain field dependence. However, it does

not appear to be cooperon contribution, either. Rather, it was believed to be due to field-

driven Zeeman suppression. With DMS samples, MF-UCF was also closely examined.

Even though the applied field was far from sufficiently large enough to be conclusive, the

rough estimate of coherence length of this type of sample was possible.

It was rather unfortunate for both samples that quantitative results, for the coherence

length, dominent dephasing mechanism and their temperature and/or field dependences,

related to coherence physics were not obtained with ferromagnetic materials. Although

the techniques adopted for this part of research was fully proven with non-magnetic

metal systems, and existence of UCF noise in ferromagnetic samples was unmistakable,

it was still not quite enough for the theories for non-magnetic metal systems to be fully

compatible with ferromagnetic systems. However, we believe it was still possible to use

this setup to have a better understanding.

There are several other types of experimental setup that could be used with some

restrictions. The weak localization will be ruled out because of strong suppression of

cooperon contributions. On the other hand, Aharonov-Bohm oscillation has been already

shown to be useful to find the coherence length[31, 30]. There are also other attempts

using superconductor-ferromagnet junction devices to find relavant coefficients that can be

used to calculate coherence length of ferromangets in the system[91]. One of the down side

of these experiments is that these experiments adopted rather complicated sample setup.

However, in concert with other techniques, it should be possible to examine decoherence
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in FM systems quantitatively, and search for other novel coherence effects[92, 93]. Plus,

by continuing with other specifically ordered ferromagnetic samples such as DMS samples

in our research, we believe more detailed understanding is still possible.

5.2 Magnetites

Simpler setup was used for magnetite samples in order to study electron transport in sam-

ples with further restricted geometry in this part of research. With magnetite nanocrystal

samples, the initial objectives of the research was more oriented toward single molecular

transistor type of experiments. However, the limitations related to sample fabrications,

especially with the problem generally addressed as a contact problem(due to original

nanocrystal sample fabrication methods as well as to our less than perfect placing tech-

niques), sensitivity of conductance measurements, let alone with the lack of gating ability,

was severely undermined. Instead, larger bias voltage regime was explored, and we were

able to observe the electric field-driven transition below Verwey transition temperature.

We believe the field-driven conductance transition may give insights into the equilib-

rium Verwey transition. This switching may be useful in testing recent calculations[67,

94, 90] about the role of strongly correlated B site Fe 3d electrons and their coupling to

phonons in the Verwey transition mechanism.

Along with field-driven transition, performing local probes of the magnetite struc-

ture (via x-ray or electron-diffraction techniques or scanned probe microscopy) in situ

in the channel of biased devices would give an interesting insight. It would help us to

understand if the coherence between structural symmetry changes and the formation of a

gap in the electronic spectrum is broken under these noequilibrium conditions. However,
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this is a significant experimental challenge. Similarly, local Raman spectroscopy of de-

vices under bias could reveal field-induced changes in phonon modes and electron-phonon

couplings, and single-crystal thin films permit the application of bias along well-defined

crystallographic directions relevant to structural symmetry changes at TV .

The presence of multiple switching transitions in individual nanocrystal and film de-

vices also bears further study. The suggested charge order may melt inhomogeneously,

with portions of the channel having different switching thresholds. There could also be

charge-ordered intermediate states between the insulating regime and the most conduct-

ing regime[1]. Again, optical measurements[95] with sufficient spatial resolution could ad-

dress these possibilities. Through improved metal/magnetite contacts and further study,

it should be possible to unravel the precise nature of this nonequilibrium transition, and

its relationship to the equilibrium, bulk Verwey transition.

5.3 Closing Remarks

There are many in condensed matter physics community considering the quantum trans-

port physics in mesoscopic system, especially with disordered normal metal system, as

almost completed except some remaining points that needed to be proven experimentally.

Or more precisely, people lost the interests in this field largely because the current trend

in the community does not look at this class of materials as an interesting candidate

anymore. However, this does not mean that the physics in this is all lost. There are still

a lot of mysteries to solve with other class of materials such as the ones discussed in this

thesis. Especially for the ones that our current technologies vastly adopted and already
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started using even without deeper understandings. As usual, more profound understand-

ings could open new possibilities such as in the case of silicon industry - started with

the discovery of a transistor but truly flourished after deeper understanding of materials

and physics behind them were fully established, and new class of devices were emerged

based on these. I believe strongly that the strongly correlated systems such as magnetic

materials are currently going through the same phase now. Their technical appications

have been vastly increased over past two decades despite of the lack of understanding the

physcis behind them. Which is why more and more people are drawn into this field. This

is where previous researches in normal metals become important because it will provide

us a good solid starting point. I believe my research could serve such a purpose in this

growing field of nanoscale electronics with strongly correlated systems.
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