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Introduction

In 1965 Gordon Moore published his observation that, over time, the number of transis-
tors in integrated circuits increases exponentially, while the cost per transistor decreases
[1]. Based on these observations, it was predicted that approximately every two years the
number of transistors would double [2]. This continuous miniaturization of transistors
led not only to cheaper and more resource saving transistor manufacturing, but also to
increased switching speeds and lower energy consumption [3]. Although these trends con-
tinued over several decades [4], further miniaturization became increasingly challenging
due to physical limitations. As Moore’s law ends, there is a high demand for new hard-
ware architectures to replace traditional MOSFET-based computation |5, 6].

Memristors and spintronics are great candidates for future energy efficient and fast op-
erational devices |7, 8, 9, 10, 11, 12|. In this work, I investigate one material for both
class of devices. For the investigation of the memristor class, VO, was chosen, which
shows volatile resistive switching between a high resistive and a low resistive state when a
threshold voltage is applied [13, 14, 15, 16, 17]. There, I use noise spectroscopy to analyze
the transition process on a nanoscale device with a focus on the phase coexistence and
percolation [18; 19] and then showcase ultrafast switching experiments on the picosecond
timescale. For the spintronics candidate the antiferromagnetic Coz0O,4 will be investigated,
which shows a linear magnetoelectric effect [20, 21], allowing the control of the Neel vector
L via electric fields. This voltage driven control is, in contrast to current driven control,
very energy efficient but has mainly been shown close to the Neel temperature |22, 23, 24,
25, 26]. In the scope of this work I investigate the voltage driven switching energy and
speed on a nanosecond timescale of the antiferromagnetic domains of a bulk Co3z04 single
crystal at temperatures well below the Neel temperature, with a follow up discussion on

what performance to expect from nanoscopic samples.

Objectives

This thesis investigates electrically driven switching processes in phase-change materials,
namely the resistive switching in VO, and the switching of the Neel vector in antiferro-
magnetic Co30,4 via the magnetoelectric effect. The first goal is to analyze the insulator-

to-metal transition in VOs with a focus on the phase coexistence and percolation. The



second goal is to investigate the limits of switching times and energy efficiency of VO,

and Co30y for future applications.

Methods

Nanoscopic VO, devices were electrically characterized to investigate the dynamics of elec-
trically induced phase transitions. Noise spectroscopy measurements were performed with
a focus at the proximity of the switching thresholds while recording phase-fluctuations over
time. To interpret the experimental observations, two-dimensional resistor network simu-
lations incorporating Landau free-energy barriers were implemented, allowing stochastic
phase transitions between insulating and metallic states.

To determine the switching speed and energy efficiency of VOs, ultrashort electrical
pulse experiments were conducted using picosecond-timescale pulse generation and high-
bandwidth detection electronics. Time-resolved resistance measurements enabled direct
extraction of set and reset transition times, while the switching energy was calculated
from the applied pulse voltage and device current response.

For Co30, bulk single crystals, a custom high-voltage short-pulse measurement setup
was developed to control antiferromagnetic domain states via the magnetoelectric ef-
fect. Nanosecond-timescale voltage pulses were applied to the samples, and the resulting
domain-state changes were monitored in real time via the polarization current. Switch-
ing times were determined from the polarization change, and the corresponding energy

consumption was calculated from the pulse voltage and polarization current.

Thesis Points

1. Based on the combination of full-cycle noise measurements and 2-dimensional
resistor network simulations I identified a voltage-driven transition from steady-
state fluctuations to phase-transition noise in nanoscale VO, devices [O1].

I investigated the insulator-metal transition (IMT) in VO, memristive nanodevices
using full-cycle nonlinear noise spectroscopy, highlighting a distinct, order of magnitude
noise increase near the set and reset transition voltages. Additionally, I used DC measure-
ments to characterize the voltage and temperature dependence in the high-resistance-state

(HRS) while high frequency measurements enabled the differentiation between voltage
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and volume dependent effects of the resistance in the low-resistance state (LRS). I then
implemented these findings into 2-dimensional resistor network (2DRN) simulations and
analyzed the simulated noise signal from phase fluctuations for different energy barriers
based on a Landau free-energy model. Finally, I showed that the voltage and resistance
scaling of the experimental noise can be reproduced by a combination of an intrinsic noise
level and the noise from fluctuations between the HRS and LRS.

2. I showed that the set transition in our VO, memristive nanodevices can
be triggered in 15 ps with switching energies of only ~ 4 fJ, while the reset
from the programmable low resistance states can occur within 600 ps [O2].

I investigated the resistive switching dynamics of nanoscale VO2 thin-film volumes
in real time on the picosecond timescale. 1 showed that 20 ps short full-width at half
maximum (FWHM) voltage pulses with amplitudes of <1.7 V can trigger the insulator-to-
metal transition with incubation times as short as 15 ps, producing tunable low-resistance-
states (LRS) within the 10?-10* € resistance range. I analyzed the switching energies
needed to set different Rpgrg resistance values, where the set transition can be achieved
with energies as low as ~4 fJ. Finally, I used pump—probe measurements to demonstrate
that the high-resistance-state (HRS) can recover within 600 ps.

3. Iinvestigated the voltage-driven switching of antiferromagnetic domains
via the magnetoelectric effect in a bulk Co30, single crystal on the nanosecond
timescale, where the results suggests that nanoscopic samples could reach
single digit picosecond switching times with sub-attojoule switching energies.
(03]

I built an experimental setup for high voltage pulses on nanosecond timescales to
investigate the fast switching between time-reversed antiferromagnetic (AFM) domains
in Co30,4 using its linear magnetoelectric (ME) effect. I measured switching times in
the 10'-10% ns range with energy consumptions of ~ 100 nJ, which were obtained for a
bulk single crystal with a thickness of 100 ym and 1 mm? lateral cross-section. Based
on the Merz-law, found to describe the voltage dependence of the switching time, I used
simple mathematical relations to predict that nanoscopic Co30, samples could reach
single digit picosecond switching times with sub-attojoule energy efficiency at moderately
low voltages, highly relevant for ultrafast and power efficient AFM spintronic devices for

future applications.
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