ABSTRACT
FRICK, JORDAN R. Non-linear Charge Transport in the Mott Insulator α-RuCl3 and Related
Materials. (Under the direction of Dr. Daniel Dougherty).

Mott insulating materials, materials insulating due to high electron-electron repulsion, have
been recently gaining more interest for their potential in resistive switching devices. As Mott
insulators do not have rigid bands like traditional band insulators, they can be pushed through a
variety of first order (non-symmetry breaking) metal-insulator transitions (MITs). These MITs
can provide new mechanisms for large resistance changes needed in Resistive random-access
memory (ReRAM).
The majority of this dissertation will focus on α-RuCl3. α-RuCl3 is considered a spin orbit
assisted Mott insulating material. This means that is both high spin orbit coupling breaking the
degeneracy of the t2g valance state and high electron-electron interaction that creates its Mott
insulating behavior and Mott gap of ~2 eV. It has been the focus of study recently due to its
potential as a Kiteav quantum spin liquid (QSL). In this dissertation, we will explore the transport
properties of this material through Scanning Tunneling Microscopy (STM), Photoemission
Spectroscopy, and electrical probe station measurements.
We will discuss newly measured non-linear transport behavior in α-RuCl3. We will show
that α-RuCl3 has pinched hysteretic I-V curve, making it a memristive material. We will propose
a new mechanism for this behavior, attributing it to Joule heating assisted Schottky injection at the
interface. To accompany this mechanism, we propose a new phenomenological model for this
behavior.
Later, we will answer a mystery in the literature about α-RuCl3, namely, the small gap sizes
measured in STS experiments. We will show that this is an artifact due to spreading resistance

near the STM tip. This spreading resistance can be used to extracted to allow us to measure the
resistance anisotropy of α-RuCl3 and Ir0.5Ru0.5Cl3.
Lastly, we will show how disorder affects the non-linear behavior in α-RuCl3. By making
solid solutions of IrxRu1-xCl3, we will show that disorder increases the threshold voltages for
switching behavior in the devices. We will also discuss how this can be interpreted through our
model. We will show that Ir content is most closely related to the Schottky ideality factor, at that
an anomalously high ideality factor is needed to model the threshold behavior seen experimentally.
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Chapter 1: Background
1.1 Metal – Insulator Transitions

Figure 1.1 Example band diagram of a metal and an insulator.

Electrons in solids do not have discrete energy, but instead sit at fixed “allowed” energy
levels. The collection of these allowed energy makes up the materials band structure. Electron’s
“fill” these energy levels up, starting at the lowest energy levels. Since electrons are fermions,
more than two electrons cannot occupy the same energy level. The highest energy level occupied
by an electron is known as the fermi level. The location of this fermi level is important when a
potential is applied to the material. When a potential is applied, the electrons will move along
these energy bands provided there is an empty energy level available for it to move to. If the fermi
level is in the center of band, meaning the band is partially filled, any finite potential can move the
electrons. This would be an example of a conductor, or metal.
If the fermi level falls between two bands, the highest occupied energy band, commonly
called the valence band, is completely full. If a small electrical potential is applied to this material,
the electrons in valence band have no available energy to go to. We classify materials with fully
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filled valence bands as insulators. In insulators, electrons can be excited from the valence band,
up to the lowest energy unoccupied band, called the conduction band. The energy between the
valence and conductance band is referred to as the band gap. If energy greater than the band gap
is added to the system, electrons can be excited into the conduction band, leaving behind a hole,
or absence of an electron, in the valence band. The excited electron can then conduct along the
partially filled conduction band or the hole can conduct in the valence band with finite bias until
the electron decays back into the valence band and recombines with the hole.
The band structure is dependent on the properties of the material or system. It is dependent
on the crystal structure, the size of the atomic nuclei, and much more. Perturbations in the
materials conditions can therefore change the electronic properties of the material, potentially
moving it from an insulator to a conductor in what is known as a metal to insulator transition
(MITs).
The MITs can be induced by through a few different methods1,2. The electrons in solids
are bound to the lattice by the potential from the positively charged nuclei. In order to lower this
potential energy, the electrons prefer to be strongly localized. However, the kinetic energy is
lowest when the electrons are heavily delocalized over the lattice. The electrons in the deeper, low
energy orbitals feel a much stronger potential, while the higher energy electrons are “screened” by
the inner electrons. If the wavefunction of these outermost electrons overlaps heavily with
neighboring sites, the kinetic energy plays a larger role, and the electrons remain delocalized. This
is the case in a metal. If, instead, the potential is strong and it is more energetically favorable for
the electron to remain localized, a band gap is formed. This is the case in an insulator.
By altering these two competing factors, we can move the material from an insulating phase
to a metallic phase in a quantum phase transition. One way this can be done is through pressure.
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This is seen in materials like VO23, where applying pressure can increase the overlap of the
wavefunction, making delocalization more energetically favorable, leading to a MIT. MITs can
also be induced through structural changes the material in thermodynamic transitions. Below a
certain temperature, the system will remain in a well-ordered state.

Above some critical

temperature, this well-ordered state is lost. This can break the fundamental symmetry of the
system, moving it from an insulating phase to a metallic phase. This is seen in material like NbO24
and VO25,6.
There are many different classifications of insulators that have been discovered1,2. What
is described above, is what’s known as a band insulator. In the simplest picture, the electrons are
not interacting with each other, and the bands are rigid, meaning that they remain the same with
filling. This is not true in every material. For example, there is the Peierls insulator, where the
electrons cause static distortions in the lattice. This changes the lattice periodicity and therefore
the band structure. With applied temperature, these lattice transformations relax. This can move
the Peierls insulator to a metal in a thermodynamic phase transition. Examples of materials with
Peierls insulating phases are VSe27 and VO28.
1.2 Mott Insulators
As described previously, the simplest models of electron bands in materials assumes that
the influence electrons have on each other is negligible. Through this approach, there are a number
of materials that are predicted to be metallic, but instead, are insulating experimentally. It has been
seen in materials, especially in materials with d-shell valence electrons, that the electrons feel a
strong coulombic repulsion from other valence electrons. This can lead to a splitting of a partially
filled band into a fully filled band and an empty conduction band.
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1.2.1 The Mott-Hubbard Hamiltonian

Figure 1.2 A periodic square lattice with electrons indicated by filled circles. t
represents the likelihood of hopping with U represents the energy gained by a
double occupied site.

Mott Insulators are typically modeled by the Hubbard Hamiltonian9. It is typically written
as:
(1)

†
†
𝐻 = −𝑡 ∑〈𝑖,𝑗〉 ∑𝜎(𝑐1𝜎
𝑐2𝜎 + 𝑐2𝜎
𝑐1𝜎 ) + 𝑈 ∑𝑖 𝑛̂𝑖↑ 𝑛̂𝑖↓ − 𝜇 ∑𝑖(𝑛̂𝑖↑ + 𝑛̂𝑖↓ )

†
In this equation, 𝑐𝑖𝜎
and 𝑐𝑖𝜎 are the creation and annihilation operators, 𝑛̂𝑖𝜎 is the occupation

number operator, and 𝜇 is the chemical potential. We will define our wavefunctions by their
occupation numbers of the valence electrons on lattice sites, such that they can be written in the
form |𝑛1↑ , 𝑛1↓ , 𝑛2↑ , 𝑛2↓ , … 𝑛𝑖𝜎 ⟩, so a two-site system with one spin up electron on site 2 would be
|0,1,0,0⟩, for example. The creation operator is defined such that:
(2)

†
𝑐1↑
|0,0,0,0⟩ = |1,0,0,0⟩

(3)

†
𝑐1↑
|1,0,0,0⟩ = 0
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Eq 2. is showing the creating of a spin up electron on site one, while eq. 3 is showing that,
due to Pauli’s exclusion principle, the creation of another electron with the same spin on the same
site is not allowed. The annihilation operator performs the inverse of this operation.
(4)

𝑐1↑ |1,0,0,0⟩ = |0,0,0,0⟩

(5)

𝑐1↑ |0,0,0,0⟩ = 0

In this case, it removes an electron from a site, but has an eigenvalue of 0 in the case of an already
†
empty site, as no electron can be removed. In the Hubbard model, the term 𝑐2𝜎
𝑐1𝜎 . This then

represents the removal of an electron from one site, and the addition of an electron on a neighboring
site.
(6)

†
𝑐2↑
𝑐1↑ |1,0,0,0⟩ = |0,0,1,0⟩

We consider this the electron hoping from one site to another. The likelihood of this hopping is t,
the kinetic energy hoping term. If t is the dominant term in the Hamiltonian, then the energy is
lowest when the electrons continue to hop from site to site. The occupation number operator, 𝑛̂𝑖𝜎 ,
is defined as:
(7)

𝑛̂1↑ |1,0,0,0⟩ = |1,0,0,0⟩

(8)

𝑛̂1↑ |0,0,0,0⟩ = 0

It, essentially, counts the number of electrons of a given spin on a given lattice site. So the second
term in eq 1. returns a value of U when there are two electrons on the same site.
(9)

𝑈 ∑2𝑖=1 𝑛̂𝑖↑ 𝑛̂𝑖↓ |0,0,1,1⟩ = 𝑈|0,0,1,1⟩

This term represents a gain in energy due to the coulombic interaction between two electrons on
the same site.
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Figure 1.3 Electron probability density in the one site limit of the Hubbard model
showing the formation of the Mott plateau.

We can imagine the limit of a single atomic lattice site such that only the eigenvectors are
|0,0⟩, |0,1⟩, |1,0⟩, and |1,1⟩. In this case, the hopping term cannot contribute to the overall energy,
as there is no other site to hop to. The eigen values of these vectors are 0, −𝜇, −𝜇, and 𝑈 − 2𝜇
respectively. The occupation density can be calculated by:
(10)

𝜌=

𝑇𝑟[(𝑛↓ +𝑛↑ )𝑒 −𝛽𝐻 ]
𝑇𝑟[𝑒 −𝛽𝐻 ]

2𝑒 𝛽𝜇 +2𝑒 −𝛽(𝑈−2𝜇 )

= 1+2𝑒 𝛽𝜇 +𝑒 −𝛽(𝑈−2𝜇)

Figure 3 shows 𝜌(𝜇). We see that at 𝜇 = 0, the site is singly occupied, but does not increase at
higher 𝜇 close to zero. The density is frozen in what’s called the Mott plateau, until 𝜇 = 𝑈, when
the site becomes double occupied.
We can expand on this further by calculating the many particle Green’s function in this
atomic limit of the Hubbard model1,10. The Green’s function is defined as:
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(11)

𝐺𝑖± (𝜔) =

2
𝑁
𝑁±1 †
|⟨𝜓𝑚 |𝑐𝑖 𝑐𝑖 |𝜓𝐺 ⟩|
𝑁±1
𝜔−𝐸𝑚
+𝐸𝐺𝑁 ∓𝑖𝜂

𝑁
𝑁
In eq 11, ⟨𝜓𝑚
| represents the eigen vectors and 𝐸𝑚
the eigen energies of the one-site limit described

previously. The Green’s function in the atomic limit can then be calculated to be:
(12)

〈𝑛〉

〈1−𝑛〉

𝐺𝑖− (𝜔) = 𝜔−𝑈+𝜇+𝑖𝜂 + 𝜔+𝜇+𝑖𝜂

where 〈𝑛〉 is the probability of having n electrons on the lattice. The benefit of calculating the
Green’s function is that if can be used to find the spectral function of a system. The spectral
function is a representation of allowed energy states of the electron1.

In techniques like

photoemission spectroscopy or scanning tunneling spectroscopy, it is what is being probed. It is
defined by:
(13)

1

𝐴(𝜔) = 2𝜋 𝐼𝑚(𝐺𝑖± (𝜔))

Using eq. 12 and 13, we can then see that the spectral function in the atomic limit of the Hubbard
Hamiltonian (t = 0), is:
(14)

1

𝐴(𝜔) = 2𝜋 (〈𝑛〉δ(ω − U + μ) + 〈1 − 𝑛〉 δ(ω + μ)

This gives us two sharp peaks separated by a gap of U at ω = U − μ and ω = −μ. These two
peaks are the Lower Hubbard Band (LHB) at energy ω = −μ and the Upper Hubbard Band (UHB)
at ω = U − μ1.
So, we have two competing terms, the kinetic energy hoping term, and the on-site potential
energy. The kinetic energy term is minimized when electrons hop, while the potential energy term
is minimized when the electrons are on singly occupying sites. The important parameter in this
model is then the relative strength of t and U. If we have a periodic lattice that has one electron
per lattice site, and U is smaller than t, the electrons will be able to freely hop from site to site.
This will create a half-filled band and the material will act as a metal in the previously described
7

band theory definition. If instead, U is larger than t, electrons won’t be able to hop unless energy
equal to U is added to the system. This causes a splitting band into the fully filled band, called the
Lower Hubbard Band, and an empty Upper Hubbard Band separated by a Mott gap of U.
1.2.2 Mott Metal – Insulator Transitions

Figure 1.4 Photoemission spectroscopy of LaxSr1-xVO2. The material is a Mott
insulator till enough Sr is added, and the material become metallic.

Since Mott materials are not insulating due to rigid energy bands, but, instead, through the
intensity of the electron-electron correlations and the symmetry of the singly occupied sites, it is
possible to push the material out of the insulating phase in a MIT. Furthermore, since the insulting
behavior is due to the electric properties, i.e., the e-e interactions, the Mott MITs are typically first
order transitions, not breaking the crystal symmetry. The simplest example of a Mott MIT is seen
by altering the ratio of U and t.

This can be done through like the quantum phase transition

mentioned earlier, where pressure can increase the orbital overlap of neighboring electrons,
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increasing the likelihood of hoping2,11,12. If this increase is large enough compared to U, this can
move the material into a metallic phase.
The Mott materials can also undergo a MIT through temperature changes. Like many band
insulators described above, Mott materials can form from a Mott insulating or metallic phase into
a well-ordered insulating phase at low temperatures. This is however this transition breaks the
underlying crystallographic symmetry11,13. Mott insulators can undergo a thermal Mott MIT that
is not symmetry breaking, however. One interesting thing about this MIT is that it involves a move
from an insulating state at high temperatures to a metallic state at lower temperatures, the opposite
of typical thermal MITs14.
A Mott MIT can also be produced through electron or hole doping the Mott material. If
we return to our picture of the periodic lattice with electrons on singly occupied sites, we can
imagine that the electronic symmetry is broken by removing a single electron from a lattice site.
Neighboring electrons can then hop to this site without the system gaining any energy. If enough
of these electron vacant sites exist on the lattice, the material can then act as a conductor, with the
charged quasiparticle being the sites with missing electrons, or holons. This is achievable through
elemental substitution of typically the transition metal cation with another with one fewer valence
electron or with doping the material with an electron acceptor. One example is the perovskite,
La1-xSrxVO2. LaVO2 is a Mott insulating material. The V3+ has 2 electrons in its valence d-shell.
When the La3+ is replaced with Sr2+, the V atoms lose an electron and become V4+ with only one
valence electron15. This removal of an electron increase increases the hole mobility in the material,
and after enough Sr2+ (x=0.2), the material is metallic. This is also true in the case of electron
doping. If an electron is added to a lattice, creating a single doubly occupied site, the electron on
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this site can hop to adjacent sites without adding energy to the system. In this case the quasiparticle
can be considered the doubly occupied site, or doublon.
1.3 α-RuCl3
1.3.1 Crystal Structure and Electronic Properties of α-RuCl3

Figure 1.5 Cartoon band diagram showing the origin of RuCl3’s Mott insulating
behavior. It requires both SOC and high e-e interactions for the splitting of the jeff
= 1⁄2 band into the UHB and LHB.

α-RuCl3 is a layered Kagome honeycomb material16,17. Layered materials have 2-D
crystalline planes made of strongly bonded atoms, while the layers are weakly bonded through van
der Waals forces. This allows α-RuCl3 to be easily cleaved or exfoliated for pristine surfaces using
a scotch tape method like other layered materials like graphene. The Kagome honeycomb pattern
is made of side sharing triangles. The Ru-Ru distance is ~3.45 Å16 and the unit cell height is ~6
Å.
α-RuCl3 falls within the “strong Mott” regime of spin-orbit assisted Mott insulators18, with
the high e-e interactions creating Mott gap. The Mott gap has been calculated through DFT+U
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calculations and directly measured through photoemission and two-photon photoemission (2PPE)
spectroscopy to be ~2eV19,20. Scanning tunneling spectroscopy experiments measure a smaller
than expected gap size (~0.25 eV)21. The origin of this low measured gap in STS will be addressed
in chapter 5.
The origins of α-RuCl3’s Mott insulating phase is not trivial. The electron configuration
of the Ru3+ atoms is [Kr] 4d5, meaning it has five d-shell valence electrons. In many materials, the
d-shell orbitals are not equal in energy. There are five d-shell orbitals, 𝑑𝑥𝑦 , 𝑑𝑥𝑧 , 𝑑𝑦𝑧 , 𝑑𝑥 2−𝑦 2 , and
𝑑𝑧 2 . The 𝑑𝑥𝑦 , 𝑑𝑥𝑧 , 𝑑𝑦𝑧 d-shell orbitals are heavily localized, for example, the 𝑑𝑥𝑦 orbital lobes sit
in between the x and y axis, centered in the x-y plane. The 𝑑𝑥 2 −𝑦 2 orbital lobes lie on the x and y
axis, and the 𝑑𝑧 2 lobes consist of a ring in the x-y plane and two lobes on the z-axis. In crystal
structures that have atomic bonds along the axes, as in octahedral crystal structures, some of the
orbitals become more energetically favorable, breaking the degeneracy of the states in what’s
known as crystal field splitting. This leads to the 𝑑𝑥𝑦 , 𝑑𝑥𝑧 , and 𝑑𝑦𝑧 forming what’s called a 𝑡2𝑔
state at lower energy than the 𝑑𝑥 2−𝑦 2 and 𝑑𝑧 2 orbitals in the 𝑒𝑔 state.
Crystal field splitting alone is not explanation enough to explain the insulating behavior of
α-RuCl3. The five valence electrons partially fill the 𝑡2𝑔 band, so through traditional band theory
as described in section one, this should act as a metal. Also, Mott insulators typically require halffilled shells. The five valence electrons means that one orbital will be doubly occupied, even under
large U. This breaks the electronic symmetry of the Hubbard model as the doublon, the doubly
occupied site, can hop with no energy cost.
The key to the insulating behavior of α-RuCl3 is in spin-orbit coupling (SOC)22. In
materials with high enough SOC can cause a splitting of the degeneracy of the orbital energies. In
α-RuCl3, this leads to a splitting of the t2g band into the jeff = 1⁄2 and jeff = 3⁄2. The jeff = 3⁄2
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orbital is fully filled with 4 valence electrons, while the jeff = 1⁄2 state is half filled with one
valence electron. The high electron - electron interaction then causes a splitting of the jeff = 1⁄2
into the fully filled LHB and empty UHB. So its only through both SOC and high Hubbard U that
α-RuCl3 gets its Mott insulating behavior, making it what’s known as a spin-orbit assisted Mott
insulator22. The interplay of SOC and strong correlations is an important contemporary approach
to the search for new quantum materials18. The work in this thesis is aimed at understanding the
electronic and high bias electrical transport properties in a set of materials derived from RuCl3
that fall into this general category.
1.3.2 Magnetic Properties of α-RuCl3: A potential Kitaev spin-liquid

Figure 1.6 (left) A square lattice with antiferromagnetic spin ordering. (Right) a
triangular lattice with antiferromagnetic spin ordering showing geometric
frustration.

Mott insulating materials typically experience antiferromagnetic ordering. This means that
it is energetically favorable for valence electrons on neighboring lattice sites to be anti-parallel.
Antiferromagnetic materials typically undergo a magnetic ordering transition below the materials
Néel temperature. Above this temperature, thermal fluctuations are enough to overcome the longrange magnetic ordering. Below this temperature, however, the spins are frozen in a low energy
12

ordered ground state. Energy needs to be added to the system in order for spins to be able to break
out of this well ordered state.
In Kagome honeycomb lattice materials, this antiferromagnetic ordering can become
frustrated. If we take the simplest case of a square lattice and Ising Model spins, meaning spins
can only be up or down, the electrons can be trivially ordered such that all nearest neighbor
electrons had anti-aligned spins. On a Kagome lattice, this is no longer possible. A spin on a
lattice site that is anti-aligned with one neighboring spin will be aligned with another neighbor.
This geometric frustration makes it so that even as the temperature approaches zero, the spins do
not get frozen into a low energy, well ordered ground state. Instead, there are many degenerate
ground states allowing the spins to continue to fluctuate with any finite thermal energy. This leads
to a state with no shortrange ordering and gapless spin excitations. This state is defined as a
quantum spin liquid (QSL).
QSL’s have gained a lot of interest as they represent a new potential low temperature
magnetic phase transition. This transition brings with it the potential for novel physical properties,
for example, QSL’s are said to be able to have fractional excitations, or Majorana fermions. As
mentioned, in the degenerate ground states of the QSL, there can be gapless spin excitations, where
the electron spin can act as a quasiparticle, called a spinon. These spinon’s represent a chargeless
particle with a spin of s = ½.
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1.4 Memristors

Figure 1.7 (left) Through a symmetry argument, Chua proposed that there must be
a 4th passive circuit element that links 𝜙 and 𝑞. (right) Chua later revised the
definition of the memristor to be something that shows a pinched hysteresis loop in
its I-V.

The concept of a memristor is something that has been predicted well before they were
produced experimentally. The term memristor was first coined by Leon Chua where he reasoned
that there should be a fourth fundamental circuit element that is “missing”23. The three known
passive circuit elements are the resistor, the inductor, and the capacitor and are all defined by the
relation with four variables, the voltage (𝜈), current (𝑖), charge (𝑞), and flux (𝜙). The resistor is
defined by the relationship between 𝜈 and 𝑖, namely, Ohm’s law (𝜈 = 𝑖𝑅), where R is the
resistance. The capacitor is defined by 𝑞 = 𝐶𝑉, where C is the capacitance. The inductor is
defined by the fundamental ratio 𝜙 = 𝐿𝑖 , where L is the inductance. Chua postulated that there
should therefore be a fourth element that links the flux and the charge. Chua was able to make
active circuits that mimicked a device that linked flux and charge and they acted as highly non-
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linear resistors that had hysteretic I-V curves. Since it acted as a non-linear resistor with some
memory its previous state, Chua named it the memristor.
Despite Chua speculating on the memristors existence in 1971, no memristor was shown
experimentally until much later. In 2008, Strukov’s group at HP Labs reportedly “found” the
missing memristor for the first time24. They showed that a TiO2 thin film device has the
characteristics of Chua’s memristor. They deposited oxygen vacant TiO2 layers on top of pristine
TiO2. The oxygen depleted region is a low resistance metal, as the oxygen vacancies can act as
mobile charge carriers. Under applied field, the oxygen vacancies move into the pristine side of
the device. It has been shown that this will eventually lead to the formation of a metallic filament
of oxygen vacancies between the two terminals25. This leads to the entire device being in a low
resistance state, “on” state. This state persists until a large enough reverse bias is applied to move
the oxygen vacancies back to the other terminal of the device, breaking the filament and moving
it back into an “off” state. This resistive switching leads to a highly hysteretic I-V behavior when
the voltage is swept above some threshold.
Since the memristor was found by HP Labs, Chua proposed that while the TiO2 device
doesn’t meet the original definition of the ideal memristor, the direct dependence of flux and
charge, it does represent a class of non-ideal “memristive devices”26. Chua proposed that a
fundamental experimental feature that defines memristive devices is a pinched hysteresis loop. A
pinched hysteresis in I-V measurements is any trend that is different in the forward and backward
voltage sweep, but the curve still passes through the origin. With this new experimental definition,
it opens the door for many other memristive systems. Amusingly, while Struckov et al take the
credit for reigniting interest in memristive systems, this new definition also retroactively makes
the first reported memristive device Sir Humphrey Davies arc lamp in 1801, 170 years before Chua
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coined the term. Additionally, this pinched hysteresis behavior was measured in natural systems
as well. It has been shown slime mold even acts as a memristor device27. Tendrils of slime mold
contract and expand under applied field, giving it a pinched hysteresis.
1.4.1 Memristor Applications: ReRAM and Neuromorphic Computing
Memristive materials have been gaining a lot of interest in the technology industry for their
potential applications. The large difference in resistance between the on and off states of
memristive materials makes it an ideal candidate for memory applications. In the case of transition
metal oxide filament memristor materials, like the HP lab groups TiO2 device24, the on-state
persists until a reverse bias is applied. This opens the potential for non-volatile memory (NVM)
devices, memory devices that retain their memory without needed to remain powered. Memristor
based resistive switching memory devices, called ReRAM, have been gaining a lot of interest.
ReRAM devices of the transition metal oxides have been fabricated and tested extensively with
materials like TiO224,25,28, NiO229–31 , and CoO230.
ReRAM based memory has been shown to have many advantages over traditional NVM
devices, like NAND Flash memory32. Flash memory relies on floating transistor gates. Electrons
need to be stored into the gate in order to “write” the bit, which takes ~μs. This write time is long
on the scale of computation, where volatile data storage, like DRAM, has write speeds ~ns. The
resistive switching in ReRAM devices on the other hand, only require a small bias to switch,
leading to write speeds comparable to DRAM, while still being non-volatile. This can potentially
eliminate the need for both NVM, for large, long term data storage, and DRAM, for short term
data storage that needs fast read/write times, as they can instead be replaced by a single ReRAM
memory device.
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Another major application of interest in memristor devices is in the field of neuromorphic
computing33. Machine learning has become a useful solution for many computational problems,
however, as the problems become more and more complex, the computational power needed to
solve them increases. The proposed solution for this issue is to make a computer architecture that
more closely resembles the human brain, called neuromorphic computing. In neuromorphic
computing, the data processing and storage happens on the same chip. Each device or node will
process and transmit voltage pulses but will also store a memory of previous pulses.
Memristors have been a key focus in the development of a neuromorphic architecture33–36.
Memristors in conjunction with other more traditional circuit elements have been used to make
scalable neuristors out of the Mott insulating Nb2O537, the circuit element that handles the storage
and processing of data in a neuromorphic computer. It has also been suggested that a single
memristor can be tuned to act as the neuristor, potentially allowing for much greater scalability38.
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1.4.2 Non-Linear Charge Transport in Mott Insulators: Mott Memristors

Figure 8. Current controlled or s-shaped negative differential resistance (NDR) is
seen in many Mott insulators.

Mott insulating systems have been of interest in the search for new potential memristor
materials. As mentioned previously, Mott insulators insulating behavior is not due to rigid, filled
bands, but due to high electron-electron repulsion. This allows for Mott MIT also does not need
break the fundamental symmetry. This can lead to many mechanisms of large resistive switching
necessary for memristor and ReRAM applications39. Like mentioned in the previous section

Nb2O5 shows large resistive switching and is being used to make scalable neurisor devices37.
One common mechanism proposed for the non-linear behavior in Mott materials is Joule
heating11. As current is injected into the material, the material will heat up. If this increase in
temperature is large enough to push it through a MIT, there can be a sudden drop in resistance.
This sudden drop in resistance can lead to an increase in current, and therefor more Joule heating
in a thermal feedback loop. This leads to high resistive switching and what’s known as an S18

shaped or negative differential resistance I-V curve. Gibson et al4 proposed a phenomenological
model for this where Newtons Law of heating is combined with electrical power that agrees with
their observations on the NbOx devices.
(15)

𝑑𝑇

𝐶𝑇𝐻 𝑑𝑡 =

𝑇𝑎𝑚 −𝑇
𝑅𝑇𝐻

+ 𝐼𝑉

This mechanism has been used to explain the non-linear behavior in other Mott materials, like
(V0.9Cr0.1)2O340 and NiS1.45Se0.5541.
It has also been suggested that high enough electric fields can cause a Zener-like dielectric
breakdown of the Mott insulating phase42. At high fields (~106-107 V/cm), the Hubbard bands can
bend, allowing doublons to more easily tunnel across the game, making a field-induced metal
phase43,44. This has been predicted to be the source of non-linear behaviour in Mott insulators such
as κ-(BEDT-TTF)2Cu[N(CN)2]Br, although, the threshold field was much lower (~102-104 V/cm)
than what is predicted in the Zener breakdown mechanism11,45
Some Mott insulators have been shown to undergo an avalanche breakdown. Avalanche
breakdowns in Mott insulators are attributed to a run away process of doublon and holon
production above a threshold field. It has been suggested that this mechanism is what causes the
resistive switching in the Mott insulating chalcogenides GaTaSe8-xTex46. This process is
characterized by a sudden drop in resistance on applied fields near or above the threshold voltage.
The time in which it takes to breakdown is a function of how far the applied voltage is from the
threshold. These materials also seem to show non-volatile resistive switching11. Much like the
transition metal oxide ReRAM devices mentioned earlier, a metallic filament it formed in the
material between the two plates after the avalanche process occurs that persists until a negative
bias is applied.
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Lastly, Oka et al has also proposed a many body model for the nonlinear transport behavior
in these materials47. Oka suggested that carriers injected across a Shottky barrier at the interface
of the metal contact and the insulator can cause a filling driven MIT in a region near the interface.
This leads to the coexistence of insulating and metallic domains inbetween the two contacts. At
high enough applied power, the region will become entirely metallic. It will remain the bias is
removed from the device, allowing it to relax back into an insulating state.
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Chapter 2: Materials and Methods
2.1 Scanning Tunneling Microscopy (STM)
2.1.1 History and Background
Scanning tunneling microscopy and spectroscopy has been a major tool in exploring the
local atomic morphological and electronic features of surfaces down to the atomic (~Å) scale.
Through STM, atomic structure and local charge structures can be measured. STM has near
unrivaled resolution compared to other scanning probe techniques, allowing us to image atoms.
Through STS, local density of state (LDOS) information can be obtained to extreme precision.
The STM was developed by Gerd Binnig and Heinrich Rohrer in 19811, work that earned
them a Nobel Prize. They were able to show that by approaching an atomically sharp tip close
enough to the surface of a conducting material, the electrons can tunnel across from the tip to the
surface. By sweeping the tip across the surface at constant height (or constant current as will be
explained later) they were able to extract atomic level topography on Au (100) and CalrSn4 (110).
The theory behind STM was later explain by J. Tersoff and D. R. Hamann2.
2.1.2 Theory of STM

Figure 2.1 Quantum tunneling effect.
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The theory behind STM is dependent on the idea of the quantum tunneling effect. In the
quantum tunneling effect, a particle has a finite probability to tunnel through a potential barrier of
finite width3. If we start with the time dependent Schrödinger equation in the form:
(1)

ℏ2 𝑑 2

− 2𝑚 𝑑𝑥 2 𝜓(𝑥) + 𝑉(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥)

If we imagine a system with a potential barrier as in figure 1. We can define three distinct
regions: region I, with a potential less that E that we will call V1, region II with a potential greater
than E that we will call V2, and region III that also has a potential less than E, that we will call V3.
For simplicity, we will set the V1=V3=0, but this works for any V<E. We will define the width of
region II as 𝑙. Equation 1 can then be solved in all regions, assuming the particle’s wavefunction
approaches from region I.
(2)

𝜓𝐼 = 𝑒 𝑖𝑘𝑥 + 𝐴𝑒 −𝑖𝑘𝑥

(3)

𝜓𝐼𝐼 = 𝐵𝑒 −𝜅𝑥 + 𝐶𝑒 𝜅𝑥

(4)

𝜓𝐼𝐼𝐼 = 𝐷𝑒 𝑖𝑘𝑥

Here we have defined two new variables for simplicity: 𝑘 =

√2𝑚(𝐸−𝑈)
ℏ

and 𝜅 =

√2𝑚(𝑈−𝐸)
ℏ

.

The coefficients A, B, C, and D can be solved through boundary conditions. We can then find the
incident current and transmission current in region III using Eq 5 and Eq 6.
ℏ𝑘

(5)

𝐼𝑖 =

(6)

∗
𝐼𝑡 = −𝑖 2𝑚 (𝜓𝐼𝐼𝐼
(𝑥)

𝑚
ℏ

𝑑𝜓𝐼𝐼𝐼 (𝑥)
𝑑𝑥

− 𝜓𝐼𝐼𝐼

∗
𝑑𝜓𝐼𝐼𝐼
(𝑥)

𝑑𝑥

)=

ℏ𝑘
𝑚

|𝐷|2

We can then define the transmission coefficient, T, as the ratio between the 𝐼𝑖 and 𝐼𝑡 , as in
Eq 7.
(7)

𝐼

𝑇 = 𝐼𝑡 = |𝐷|2 =
𝑖

1
(𝑘2 +𝜅2 )2
1+
sinh2 (𝑙𝜅)
4𝑘2 𝜅2
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If we assume a high 𝜅, meaning there is a high decay rate in the barrier, we can further
simplify Eq 7.
(8)

16𝑘 2 𝜅 2

𝑇~ (𝑘 2+𝜅2)2 𝑒 −2𝜅𝑙

Here we have a transmission coefficient that has an exponential dependence on the width
of the tunneling barrier 𝑙. This means small changes in 𝑙 can lead to large changes in the
transmission current.

Figure 2.2 Electron tunneling from the tip to the sample.

In the case of actual STM experiments, the potential barrier is the vacuum between the tip
and the sample. In this case the width of the gap is distance between the tip and the sample, ∆𝑧.
So small changes in tip-sample distance create large changes in the tunneling current. This
exponential dependence on ∆𝑧 is the key to high level procession of atomic heights. This model
is a bit too simplistic to model the STM system, however. The electrons are not simply free wave
functions approaching a potential barrier. They are instead bound to the tip or sample and an
energy, known as the work function Φ is needed to remove the electron. The tunneling current is
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also dependent on the density of states of both the tip and the sample. The tunneling current from
the tip to the sample is written as what follows4.
(9)

𝐼 = 2𝑒

2𝜋
ℏ

2

|ℳ𝜇𝑣 | 𝜌𝑠 (𝐸)𝑓(𝐸)𝜌𝑡 (𝐸 + 𝑒𝑉)(1 − 𝑓(𝐸 + 𝑒𝑉))
2

Here, ℳ𝜇𝑣 is whats called the matrix element and can be approximate to be |ℳ𝜇𝑣 | ≈
Δ𝑧

𝑒 −2 ℏ √2𝑚Φ in the case of an aproximately square vacuum barrier. 𝜌𝑠 and 𝜌𝑡 are the density of
states (DOS) of the tip and sample respectively. 𝑓(𝐸) is the fermi-derac distribution. The total
current measured by the tip is the integral over all energies of the tunneling currents from the tip
to the sample and the sample to the tip. This can be simplified down as follows.
(10)

𝐼=

4𝜋𝑒
ℏ

2

𝑒𝑉

∫0 𝜌𝑠 (𝐸𝐹 − 𝑒𝑉 + 𝜖)𝜌𝑡 (𝐸 + 𝜀)|ℳ𝜇𝑣 | 𝑑𝜀

Tip materials are typically chosen for their flat DOS (more on that later in this chaper),
meaning 𝜌𝑡 (𝐸) ≈ 𝜌𝑡 (0). This means we have a final form of the tunneling current as follows.
(11)

𝐼≈−

4𝜋𝑒
ℏ

Δ𝑧

𝑒𝑉

𝑒 −2 ℏ √2𝑚Φ 𝜌𝑡 (0) ∫0 𝜌𝑠 (𝜖)𝑑𝜀

For scanning tuneling spectroscopy, the voltage is swept while keeping the tip-sample
distance constant. This gives us the tunneling current I as a function of bias voltage V. The taking
the direvative of Eq 10 with respect to voltage gives us:
(12)

2

𝑑𝐼

0

= 𝜌𝑠 (𝐸)𝜌𝑡 (𝐸 + 𝑉)|ℳ𝜇𝑣 | + ∫−𝑉 𝜌𝑠 (𝐸)𝜌𝑡 (𝐸 + 𝑉)
𝑑𝑉

𝑑|ℳ𝜇𝑣 |
𝑑𝑉

2

𝑑𝐸

The second term is the voltage dependence of the matrix element and the tip density of
𝑑𝐼

states. This acts as a background in the 𝑑𝑉 data. In the end, we are left with:
(13)

𝑑𝐼
𝑑𝑉

∝ 𝜌𝑠

𝑑𝐼

So, 𝑑𝑉 is the LDOS of the material.
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2.1.3 STM in practice

Figure 2.3 Electronic diagram of an STM system.

The typical STM system consists of a tip, attached to a scan head, a voltage bias source,
and a measurement system. There are many styles of STM scan heads that can be used. For this
dissertation, we will focus on that of the Omicron VT STMs. For these scan heads, there are two
main piezoelectric motors, and outer, course motion motor, and an inner fine adjust motor. The
course adjust motor adjusts moves the fine adjust motor and the tip and is used for larger,
macroscopic movements of the tip. The fine adjust motor moves only the tip, and is used for
atomicly precise adjustments. When an STM experiment begins, the tip must first be approached
to the surface. With a bias voltage (~1-2 V) between the tip and sample, the tip is systematically
moved closer to the sample while the tunneling current is monitored. The tip continues to approach
into a current setpoint (~nA) is reached, and the system is now ready for experiments to be
performed. STM systems also typically have a current feedback loop that amplifies sudden
changes in current. This helps on the approach, as the tip is less likely to crash into the sample.
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Figure 2.4 STM image of highly oriented pyolytic graphite (HOPG) showing
atomic scale imaging. 2 nA 0.5 V

STM imaging can be done in two main ways, constand hieght and constant current. In
constant height mode, the tip is swept across the surface of the material measuring the current
while keeping the tip at a fixed distance away from the material. While this method is simplistic
from a conceptual standpoint, it has a flaw in that the tip can potentially be damaged by large
surface features, or, on the other extreme, data can be lost by large drops in surface height. It is
for these reasons that most modern STM experiments are run in constant current mode. In this
mode, the current feedback loop is used to adjust the tip-sample distance to keep the tunneling
current consant. In this mode only large sudden increases in tip heights risk damaging the tip.
For STS experiements are done using the “lock-in method”. An AC voltage (~mV) is
applied onto the tip sample bias. The AC component of the tunneling current can then be extracted
using a lock-in amplifier, giving us

𝑑𝐼
𝑑𝑉

(𝑉𝑏𝑖𝑎𝑠 ) of the imaged surface at the same time as

topography. This conductance image can give interesting insights into charge ordering as well as
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electronic disorder near defects. If the bias voltage can be sweeped, keeping the tip in a fixed
𝑑𝐼

position, and the signal sent to the lock-in amplifier to obtain 𝑑𝑉 (𝑉), which as shown in Eq 13., is
proportional to the DOS of the material without the need for a noisey numerical derivative of the
I-V curve.
2.1.4 STM Tips

Material
Al
Au
Ag
Cu
W
Pt-Ir
Cr

Work Function (eV)
4.08
5.1
4.26
4.7
4.32-5.22
4.6
4.5

Table 2.1 Work functions of various metals and metal alloys5.

Many materials have been used for STM tips, each with their own strengths and
weaknesses. Common choices are Au, W, and Pt-Ir for their low work functions and as mentioned
previously, their flat bands near the fermi level. W is potentially the most commonly used as it
allows for in situ annealing to high (~ K) temperatures and conditioning. This prevents the need
for making new tips, and potentially leads to longer STM experiments.
For W tips, the preparation method involves electrochemical etching process.

This

involves lowering the tip into a basic solution, commonly KOH or NaOH, and a bias is created
between the tip and a submerged metal cathode. This causes the slow etching away of the tip near
the surface of the solution. Eventually, with enough of the tip etched away, the tip can fall into
the solution, leaving behind a pristine tip.
For Pt-Ir tips, a “shear” method is commonly used. Due to the crystal structure of Pt-Ir, a
pristine tip can be created by cleaving the wire. This is done by gripping the wire with plyers on
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one end, and with wire cutters at a shallow angle on the other. By pulling the two apart, in a
direction parallel to the wire. This leaves behind a pristine tip.
2.1.5 Tip Induced Band Bending and Spreading Resistance

Figure 2.5 (left) Tip induced band bending (TBB) when electrons tunnel from the
tip into the sample. (right) TIBB when electrons tunnel from the sample to the tip.
In both cases the bands bend away from the Fermi energy causing a larger than
expected gap.

One common phenomenon when scanning on insulating materials is the measure of larger
than expected band gaps in STS. This is typically attributable to the tip induced band bending
(TIBB) effect. Evidence of this band bending has been seen in many semiconducting materials
like GaAs6 and the Mott insulting material Sr2IrO47. This effect is attributable to the fact the tip is
very close to the sample (~1 nm) biased with respect to the sample (~1V) which creates a large
field beneath the tip (~1 GV*m). This can cause the energy bands in the material below the tip to
bend away from the fermi energy. In the case of a positive tip sample bias, where the electrons
are tunneling from the tip into the sample, the unoccupied bands of the material are bent to higher
energies. For a negative tip sample bias, where the electrons tunnel from the sample to the tip, the
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unoccupied bands are bent to lower energies. So, when the tip sample bias is swept for STS
spectra, this results in a gap size that is much larger than the material’s actual band gap.

Figure 2.6 Circuit model for spreading resistance.
Another experimental artifact that can occur in STS experiments is what’s known as the
spreading resistance effect. As charges are tunneled into sample, there is a finite time for the
carriers to dissipate in the material. For most conductors, this time is fast enough (~ ) that this
effect is negligible. For materials that are highly insulating and have high resistance, the tunneling
resistance can’t be ignored. This is seen in 2-D thin films8 or layered insulting materials with high
anisotropy favoring in-plane transport9.
The total voltage drop from the tip to the sample plate is split between three main places:
across the tunneling gap, in a region very close to the tip where carriers haven’t dissipated, and
then through the rest of the material. We can model this system as a circuit with a total resistance
like what follows10.
(14)

𝑅𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔 + 𝑅𝑠𝑝𝑟𝑒𝑎𝑑 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

In most cases, 𝑅𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔 is much larger than 𝑅𝑠𝑝𝑟𝑒𝑎𝑑 and 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 to the point where they
make a negligible contribution to 𝑅𝑇𝑜𝑡𝑎𝑙 . This isn’t true in sample with high resistance or where
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𝑑𝐼

carriers take too long to relax. With large enough 𝑅𝑠𝑝𝑟𝑒𝑎𝑑 , the samples 𝑑𝑉 measurement will no
longer be representative of the LDOS. It has been shown that this can lead to what appears to be
a smaller gap size than expected, as the spreading resistance dominates the measurement8,10.
2.1.6 Our STM Chamber

Figure 2.7 Ultra High Vacuum STM system.

The STM experiments in this paper performed in an ultra-high vacuum chamber with a
base pressure of (~10-11 torr). Our UHV system is split into three main chambers: a growth/ fast
entry lock (FEL), a main prep chamber, and the STM chamber. The FEL is separated from the
other two chambers by a gate valve and is pumped by a turbo pump backed by a roughing pump.
The FEL is equipped with two thermal evaporators for in situ molecular depositions as well as two
quartz crystal microbalances (QCMs) to monitor molecular growths.

A transfer arm is used to

move samples from the FEL to the prep chamber. The prep chamber is pumped with an ion pump
with two titanium sublimation pump (TSP) filaments. In the prep chamber is an Ar sputter gun to
clean the surfaces of materials. The manipulator in the prep chamber is equipped with sample
heater capable of heating the sample up to ~900K. The STM chamber contains an Omicron VT
STM. The Omicron STM has a liquid nitrogen cryostat allowing it to cool samples down to ~70K.
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A wobble-stick in the STM chamber allows transferring of the sample between the prep chamber
and the STM.
2.2 Probe Station Measurements
2.2.1 Metal-Insulator Contacts

Figure 2.8 Band diagrams for an Schottky contact and an Ohmic contact.

In any transport measurement, the contact can play a major role. When a metal comes in
contact with a material, the electrons at the interface can interact. In the case of a metal-metal
interface, electrons rearrange to pin the fermi levels of the two metals and create a contact potential
equal to the difference between the two materials work functions. For metal-semiconductor
interfaces, this contact potential can cause a bending of the energy bands, and, depending on the
relative work functions, can form two different types of barriers.
If the work function of the metal is larger than that of the semiconductor, it will form what’s
known as a Schottky barrier at the interface. Electrons moving from the semiconductor to the
metal (in the case of n-type semiconductors) leave behind holes in the semiconductor. In the metal,
these charges collect on the surface, however, in the semiconductor, the charges are spread some
distance from the interface, creating a depletion region. This depletion region has a potential due
the excess charges and, causing the bending of the energy bands in the direction of the potential.
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This potential then acts as an energy barrier (known as a Schottky barrier 𝜙𝐵 ). This barrier height
is a function of the difference between the two materials work functions and the electron affinity
of the semiconductor.
Since this energy barrier is due to this potential difference in the depletion region, there is
a high asymmetry in the conduction across the interface. When the barrier is biased against the
contact potential, referred to as forward bias, the current can’t be injected below the Schottky
barrier. The current with in the forward bias configuration is written commonly as
(15)

𝐼 = 𝐼0 𝑇 2 𝑒

𝜙
− 𝐵

𝑘𝐵 𝑇

𝑒𝑉

(𝑒 𝑘𝐵𝑇 − 1)

where T is the sample temperature, 𝑘𝐵 is the Boltzmann constant, and 𝐼0 is made up of what’s
known as the Richardson constant 𝐴0 , multiplied by the devices cross sectional area.
(16)

𝐼0 = 𝐴0 𝐴 = 𝜆𝑅

4𝜋𝑚𝑘 2 𝑒 −
ℎ3

𝐴

where 𝜆𝑅 is a material correction factor (~ 0.5) and m and e- are the mass and charge of the electron.
𝐴

The Richardson constant is typically on the order of 106 𝑚2 𝐾2 .
In the reverse bias direction, where the bias is in the same direction as the contact potential,
the electrons are now being pushed from the metal into the semiconductor. When reverse biased,
the contact potential no longer needs to be overcome. However, the bias voltage causes a bending
of the bands to create a small barrier that all injected current must overcome. This limits the total
charge mobility, and therefore current, obtainable across the junction in the reverse bias
configuration.
If, instead, the work function of the metal is lower than the work function of the
semiconductor, an Ohmic contact is formed. In an Ohmic contact, the fermi energy of the metal
lines up with the conduction band of the semiconductor. This allows electrons to move from the
metal to the conduction band forming an accumulation region. Electrons can then freely flow
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across the junction, and the current resembles that of a resistor with a resistance equivalent to that
of the bult resistance of the semiconductor.
So, the choice of metal contact can play a major role in the transport measurements through
a semiconductor. In many cases, it is important to pick low work function metals to create an
Ohmic contact, as Schottky barrier can dominate the transport measurements for the material. In
some cases, the Schottky barrier is beneficial, as in the Schottky diode.
2.2.2 Memristor Devices

Figure 2.9 RuCl3 memristor devices with Ag epoxy contacts.

Closed ampules of RuCl3 are scored with a diamond file all the way around the center. The
ampule is taken under the fume hood to be opened, as there is potentially excess chlorine gas in
the ampule. With a gloved hand, the thumbs are placed on either side of the score. By pushing
the thumbs in and pulling back with the other fingers, as if to bend the ampule, it will break open
at the score. The ampule should be left under the fume hood for a minute to allow the gas to
dissipate before retrieving the RuCl3 crystals. RuCl3 single crystals for memristor devices are
chosen based on their size and shape for memristor measurements. The single crystals need a flat
surface on the top and bottom of roughly 4 x 4 mm to allow room for the contact. Thin flakes (<
0.5 mm) are used so as to have more consistency in device geometry.
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Epotech H20-E Ag epoxy is used for the contacts. Experiments have been performed on
evaporated Al/MoO3, and Au/Cr contacts, which show the same memristor behavior indicating
that the contact does not play a major role in this behavior11. The Ag epoxy is applied to the single
crystal, taking care to no reach the edge of the sample as it can lead to a shorting of the device. It
is also important of the epoxy to be relatively flat when applied, as large bumps can lead to a bad
contact with the probe or stage. The sample needs to be heated on a hot plate to 150 K (need to
check this, setting 4 on hotplate) for 30 minutes to set the epoxy. After allowing the device to
cool, the sample can be flipped over, and the second contact can be applied, and set with the hot
plate. When both contacts are set, the samples can be moved into the probe station.
For the memristor measurements, one probe is put in contact with the top Ag electrode.
The sample stage is used as the bottom probe. Due to the non-linear I-V behavior of the a-RuCl3,
the memristor experiment can be done in two different ways, voltage controlled and current
controlled. In the current controlled experiment, a sweeping current is used while the voltage is
allowed to vary. In this experiment, there is less risk of burning out the device, as after the
threshold is reached, the voltage drops, lowering the applied power. In the voltage-controlled
experiment, the voltage is swept, and the current is allowed to vary. For voltage-controlled
measurements, a 10 kΩ resistor is needed in series with the top probe. This is necessary to avoid
damaging the sample above the threshold. When the threshold voltage is reached, the current will
increase rapidly. The resistor limits the total current that can be sourced through the device.
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2.2.3 Our Probe Station Chamber

Figure 2.10 High vacuum probe station.

The electrical probe station is made up of one main analysis chamber connected to a turbo
backed by a roughing pump. The base pressure of the analysis chamber is 10-7 torr. The probe
station has 4 electrical probes connected to a Keithly 4200 semiconductor parameter analyzer. The
probe station is connected to a Sumitomo RDK-408 He cryostat with a base temperature of ~10
K.
2.3 Photoemission Spectroscopy
2.3.1 The Photoelectric Effect
Photoemission spectroscopy operates on the photoelectric effect. Photons of known energy
are used to excite the electrons in the material. If the electrons are excited above the vacuum level,
they are ejected and their energy can be read by a detector. The total energy of the ejected
photoelectron is then:
(17)

𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝜙 − |𝐸𝐵 |

where ℎ𝑣 is the energy of the incident photon, 𝜙 is the work function of the material, and
𝐸𝐵 is the electron binding energy. A hemispherical analyzer is measure the ejected photoelectrons.
Inside the analyzer is two concentric hemispherical planes. By applying a bias between the plates,
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only electrons of a certain energy can be “selected” to make it to the detector, while the electrons
of any other energy will hit either hemisphere. By sweeping through the selected energy and
counting the number of electrons at each energy, we can measure what is known as the spectral
function of the material.
(18)

Σ′′ (𝑘,𝜔)

1

𝐴(𝑘, 𝜔) = − 𝜋 (𝜔−𝜀

𝑘

−Σ′ (𝑘,𝜔))2 +(Σ′′ (𝑘,𝜔))2

Σ ′ (𝑘, 𝜔) and Σ ′′ (𝑘, 𝜔) are the real and imaginary parts of the self energy.
The angle at which the photoelectrons are ejected are dependent on the parallel component
of the crystal momentum, 𝑘∥ , which is conserved when the electron leaves the material.
(19)

ℏ𝑘∥ = √2𝑚𝐸𝑘𝑖𝑛 sin 𝜃

The hemispherical detector can then measure electrons at different incident angles, and we
can obtain information on how the energy bands disperse in k-space. This technique is called
angle resolved photoemission spectroscopy (ARPES).
2.3.2 Our Photoemission Chamber

Figure 2.11. Ultra-High Vacuum Photoemission Chamber.
Our UHV photoemission chamber is made of 3 main chambers: a fast entry lock (FEL), a
prep chamber, and an analysis chamber. The FEL is equipped with a transfer arm and is pumped
by a turbo pump backed by a roughing pump. The FEL has a base pressure of 10-7 torr. The FEL
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and the prep chamber are separated by a gate valve. The prep chamber contains a sample heater,
a transfer arm, and thermal evaporators. The analysis chamber, separated from the prep chamber
by a gate valve, has a base pressure of 10-11 torr and is pumped by a turbo backed by a roughing
pump and an ion pump. In the analysis chamber is a sample manipulator, a He source, a low
energy electron diffraction (LEED) screen, and a Specs hemispherical analyzer.
2.4 RuCl3 Growth
RuCl3 single crystals are grown using a chemical vapor deposition method12.
Commercially bought single RuCl3 power (Sigma Aldrich) is loaded into vacuum sealed glass
ampules. The ampules are heated to 1080 oC in a box furnace. This temperature is above the
decomposition temperature of RuCl3 (850 oC)13. The ampules are kept at this temperature for five
hours to allow the powder to completely sublimate. The temperature is then slowly lowered at a
rate of 2 oC per hour to 600 oC. This allows to transport to the end of the ampule, and slowly
reform into the solid phase. This method creates many single crystals usable in our experiments.
The growth creates a mix of small flakes (~2x2x<1mm) and large crystals (~10x10x2 mm). Due
to the layered nature of the RuCl3, the sample is easily cleaved using the Scotch tape method. This
allows us to cleave a pristine surface for use in surface sensitive experiments like STM or ARPES.
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Chapter 4: Spreading Resistance Effects in Tunneling Spectroscopy of α-RuCl3 and
Ir0.5Ru0.5Cl3
The Mott insulating state is the progenitor of many interesting quantum phases of matter
including the famous high temperature superconductors and more recently quantum spin liquids.
A recent candidate for novel spin liquid phenomena is a-RuCl3, a layered honeycomb solid whose
electronic structure has been the source of interest and controversy. In particular, scanning
tunneling spectroscopy (STS) has indicated a Mott Gap in α-RuCl3 that is much lower than the
2eV value observed in photoemission measurements. Here we show that the origin of this
discrepancy is a spreading resistance artifact associated with tunneling into highly resistive
materials. We found that changes of shape of the STS spectra coincide with spreading resistance
effects. A similar phenomenon is further corroborated in a substitutional alloy Ir0.5Ru0.5Cl3 having
a higher resistivity. We can take advantage of the spreading resistance to quantify the anisotropic
resistivity of these layered materials and connect to previous transport observations, which are
often systematically overestimated.
4.1 Background
The spin-orbit assisted Mott insulator, α-RuCl3 is an important example of the “StrongMott” regime of spin-orbit (SO) coupled quantum matter1. It has a large Mott gap of ~ 2eV that
arises from the concerted impact of electronic repulsion and SO coupling2. Carriers are strongly
localized on atomic sites, leading to charge transport via thermally activated or variable range
hopping. The strong insulating character has potential device applications due a pinched hysteresis
in its I-V curve, making it a promising memristor material3. It has also been explored as a potential
Kitaev quantum spin liquid material2,4,5 and it has long lived Mott-Hubbard excitons6.
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In α-RuCl3, spin-orbit coupling causes a splitting of the of the t2g orbital into j1/2 and j3/2
sub-bands2. This j1/2 sub-band is half-filled and thus would be metallic, however strong electronic
repulsions in the 4d orbitals cause it to split into an upper Hubbard band (UHB) and lower Hubbard
band (LHB). The charge gap of ~ 2eV in α-RuCl3 has been directly measured by a combination
of ultraviolet and inverse photoelectron spectroscopy and modeled using a combination of clusterbased and density functional theory (DFT) +U calculations7.

In addition, detailed optical

spectroscopy studies have assigned the so-called b peak to free carrier photoexcitations at ~2eV
excitation energy8. Our recent time-resolved two photon photoemission experiments access this
excitation and place the UHB at about 2eV above the LHB6. Despite this general agreement about
the Mott gap, there is an anomaly reported based on scanning tunneling spectroscopy (STS). These
measurements9 identify a gap that is much smaller than found through DFT calculations2 and
photoemission experiments6,7 and this observation is noted as a fundamental problem.
The complexity of the Mott insulating state in SO-coupled materials can be elaborated
upon by considering elemental substitution within RuCl3 crystals. For example, Ir3+ substitution
in RuCl3 is expected to enhance SO coupling effects, due to the larger effective nuclear charge,
and thus move the substituted material further into the poorly-explored strong Mott regime of SOcoupled matter1. Indeed, a significant impact of Ir substitution on magnetic ordering properties in
compounds of the generic form IrxRu1-xCl3 has been observed. In particular, Ir3+ substitution above
the percolation threshold of x=0.2-0.3 shows evidence of dominant fractionalized excitations
indicative of a quantum spin liquid10–12.
In this work, we resolved the RuCl3 gap discrepancy in STS by identifying strong spreading
resistance effects. We have found that the anomalously small apparent gap is an artifact of the
strong insulating character of RuCl3 that allows spreading resistance to dominate the tunneling
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measurements. While this artifact obscures the electronic properties it can instead be used to
explore the nanoscale transport properties of the Hubbard bands in more detail13. We show that
these effects are enhanced in Ir0.5Ru0.5Cl3 due to its higher resistivity and discuss the implications
of this comparison in the context of SO-coupled quantum materials.
4.2 Experimental Methods
Single crystals of α-RuCl3 were prepared using Chemical Vapor Transport as described
previously14. Solid solutions of Ir0.5Ru0.5Cl3 were prepared by loading stoichiometric mixtures of
IrCl3 and RuCl3 powders (Millipore-Sigma, as received) in quartz ampoules that were evacuated,
sealed, and loaded into a box furnace. The Ir-substituted RuCl3 crystal growth procedure was
identical to the pure RuCl3 growth.
Imaging and local spectroscopy experiments were carried out in an ultrahigh vacuum
(UHV) STM system with a base pressure of 1x10-10 torr. Samples were cleaved in air and
immediately introduced to the UHV system.

Ultraviolet photoelectron spectroscopy

measurements were carried out with identical sample preparation procedures in a separate UHV
system (based pressure ~ 2x10-10 torr) housing a He discharge lamp photon source (Specs UVS
10/35) and a commercial hemispherical electron spectrometer with 2D charge coupled device
detector (Specs Phoibos 150). Fermi levels referenced in these spectra correspond to the standard
detector work function calibration.
Scanning Tunneling Microscopy and Spectroscopy experiments were performed with both
Chromium and Tungsten tips. The samples were held at ambient temperature during imaging in a
commercial STM instrument (Omicron VTSTM-XA). Local differential tunneling conductance
was measured with standard lock-in techniques (10kHz modulation frequency, ~ 0.1 Vrms
amplitude). The crucial STS observations were carried out by measuring local tunneling spectra
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at different starting set-point currents. The choice of starting set-point current determines the
height of the STM tip above the surface during the STS measurement and thus the resistance of
the tunneling gap.
Gold wires were attached with Epotek Ag epoxy for use in bulk resistivity measurements
of RuCl3 and Ir0.5Ru0.5Cl3. The sample resistance between the two epoxy contacts was measured
using a Quantum Design Physical Property Measurement System. The sample temperature was
lowered until the resistance measured was higher than the system’s upper limit (~2 GΩ).
4.3 Results

Figure 4.1 (a). Atomically resolved STM image of a cleaved α-RuCl3 surface (0.6
V bias, 60pA). (b) UPS spectra of α-RuCl3 showing the occupied states. (c) STS
spectra representing the average spectra taken over a 50x50 nm region at different
tunneling current setpoints. (d) STS spectra over a larger range of set points
showing the apparent collapse of the Mott gap at the highest currents.
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Figure 4.1(a) shows an atomically-resolved STM image of an α-RuCl3 crystal where the
expected spacing between features is ~0.3 nm in agreement with recent STM imaging studies9. In
addition, some surface defects exist but we have not carried out a systematic study of their
origin. Figure 4.1(b) shows a UPS spectrum where the lower Hubbard band (LHB) of α-RuCl3 is
clearly resolved with an onset at ~ 1 eV and a main peak at ~ 1.3 eV. This spectrum agrees with
previous observations from photoemission experiments on α-RuCl37,15. However, when we
measure the local density of states with STS as shown in Figure 4.1(c), there is a discrepancy. In
STS measurements, the onset and peak center of the LHB occurs at energies much closer to the
Fermi energy than in photoemission measurements and the associated peak is also at lower
energy. Moreover, in the unoccupied density of states, the onset of the UHB is also at very low
energy compared to known inverse photoemission results7 and other spectroscopy
expectations. The net effect is that the apparent charge gap measured by STS is substantially
smaller than that found by other techniques. In addition to the smaller than expected gap, the
feature associated with the UHB is evidently substantially broadened. The general asymmetric
shape is similar to the UPS data in Figure 4.1(b), but the higher binding energy shoulder is
progressively expanded as the tunneling current set point increases.
Discrepancies between charge gaps of semiconductors measured by STS compared to other
techniques are common but are expected to go in the opposite direction than we report here for αRuCl3. They arise from the tip-induced band bending (TIBB) effect and tend to make the effective
gap somewhat larger than other techniques due to the large electrostatic field (~ 1V/nm) applied
between the tip and the sample. In semiconducting materials, applied fields are inefficiently
screened due to a low density of free carriers and can bend the bands away from the middle of the
gap. In fact TIBB effects have recently been reported for lightly La-doped Sr2IrO4, a spin-orbit
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assisted Mott insulator similar to α-RuCl3 16. In these materials the charge gap measured by STS
is significantly larger than the expected gap of 0.6 eV and the apparent gap is observed to increase
as the tunneling setpoint current increases.
By contrast, the gap around zero bias gets smaller in our measurements as set point
increases. However, there is also evidence of TIBB in the tunneling spectra in the form of a shift
in the tail of the occupied feature in Figure 4.1(c). This asymmetric feature in the occupied density
of states moves by several electron volts. The situation for α-RuCl3 combining an anomalously
small gap that shrinks with increasing set point with TIBB effects farther from zero bias, has also
been reported for another Mott insulator: the 3x3 surface reconstruction of SiC(0001)13. This study
attributed the unusual behavior of spectral features in STS to spreading resistance artifacts. Based
on this similarity, we also ascribe our observations to spreading resistance artifacts and provide
further evidence and discussion in what follows.
In our experiments on α-RuCl3, increasing the initial set-point current results in a
monotonic decrease of the apparent charge gap extracted from the STS. This effect can be seen in
Figure 4.1(d) where local tunneling spectra measured for a larger range of initial current set-points
than Figure 1(c) is shown. For this larger range of currents, the apparent charge gap at the highest
currents exhibits a V-shape that appears to have totally collapsed. The details of what particular
tunneling current set point is needed to cause apparent gap collapse are sensitive to the specific
STM probe tip in use but the gaps are always smaller than 2 eV and can be made to approach zero
at larger tunneling current set points.
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Figure 4.2 (a) Averaged di/dv spectra of Ir0.5Ru0.5Cl3 showing an even stronger
dependence on tunneling setpoint current than for RuCl3. (b) UPS spectrum of
Ir0.5Ru0.5Cl3 indicating the presence of a significant gap.

When the same experiment is performed on Ir0.5Ru0.5Cl3 solid solutions, this effect is much
more apparent as seen in Figure 4.2(a). The onset of the tunneling conductance occurs at around
0 V even at very small tunneling set points. By contrast, in the UPS measurements shown in figure
4.2(b) the onset of the occupied band is around 1.2 eV below zero. In figure 4.2(b) the lowest
energy occupied band of the substitutional alloy has a different shape than in pure RuCl3. This
shape is similar to what has been reported for some other Ir compounds, but importantly it still
shows a band edge at ~ 1eV below the Fermi level. This implies a charge gap of at least 1 eV,
though we note that there is a weak feature just below the band edge in figure 4.2(b) (see
discussion). The STS data in Figure 4.2(a) show only a very small gap at low set points and by
400 pA the dI/dV spectra appear completely flat with no suppression near zero bias at all. This is
the same general discrepancy as for -RuCl3 but apparently more severe for the substitutional alloy
with Ir in that the gap is in all cases much smaller than in photoemission and also vanishes more
strongly with current setpoint.
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The results shown in Figure 4.1 and 4.2 all point to a particular tunneling artifact associated
with in-plane spreading resistance in high resistivity materials13. This is further emphasized by
the data in Figure 4.3. Figure 3(a) shows the I-V curves corresponding to the data in Figure 1(c).
We note that, particularly at positive biases the curve becomes progressively more linear as the set
point is increased. This is a signature of spreading resistance effects as described in more detail
in the next section. Once again, the situation is more apparent for Ir0.5Ru0.5Cl3 as shown in Figure
4.3(b), where the linearity is nearly perfect and more symmetrical about zero bias. Figure 3(c)
shows the bulk resistivity as a function of temperature for RuCl3 and Ir0.5Ru0.5Cl3 where the higher
values for the substitutional alloy are consistent with the idea that spreading effects are dominant
in tunneling experiments. Importantly, in highly resistive materials such as considered here,
tunneling spectroscopy is no longer an accurate tool for measuring density of states. However, it
may instead provide some insights about charge transport and both of these points are discussed
in the next section.
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4.4 Discussion
4.4.1 Spreading Resistance Implication for STS

Figure 4.3 (a) Averaged I-V spectra of -RuCl3 at different tunneling setpoint
currents corresponding to Figure 1(d) showing a linearization at high setpoint.(b)
Averaged I-V spectra corresponding to FIG.2(a) of Ir0.5Ru0.5Cl3 showing an even
stronger dependence on tunneling setpoint current. (c) Bulk sample resistance as a
function of temperature for pure RuCl3 and Ir0.5Ru0.5Cl3. (d) Resistance as a
function of tunneling setpoint current extracted from (a) and (b), showing a
decrease in the total resistance of the tip-vacuum-sample system. An exponential
fit is fit to the trend to extract a value for the spreading resistance.

In this section, we discuss the rationale for assigning the observed tunneling spectra to
spreading resistance artifacts. Very similar behavior to our observations has been reported before
for a Mott insulating surface of Si-(3x3)-6H-SiC(0001). In this work, Baffou et al13 explain the
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spectral feature broadening and gap collapse to be due to the high resistance of transport through
the Upper and Lower Hubbard bands. Moreover, they note an increasing linear character to the
tunneling I-V curves as the initial set point is increased as well as an asymmetry and some apparent
broadening effects in the deeply bound parts of the tunneling spectra. It has been argued17 that the
total resistance of the tunneling system can be approximated as a combination of the tunneling
resistance (RT), the sample resistance(RS), and the spreading resistance (RSP) just below the tip
according to:
(1)

𝑅 = 𝑅𝑇 + 𝑅𝑆 + 𝑅𝑆𝑃

In this expression, RSP is present due to the need for charge transport away from the injection point
directly under the tip. In most samples studied by STM methods, the sample and spreading
resistance will be much lower than the tunneling resistance and can be neglected. For highly
resistive samples, this approximation breaks down. If 𝑅𝑆 is large enough, the injected charge from
the tip will not be able to move away easily, causing a large voltage drop near the tip. This can
make it so that 𝑅𝑆𝑃 can be comparable to 𝑅𝑇 . Furthermore, by raising the tunneling set point
current while keeping the tip-sample bias constant, the tip sample distance is lowered. This also
has the effect of lowering the tunneling resistance. For a highly resistive sample with a small tip
sample-distance, the STS spectra is no longer simply related to the local density of states of the
surface. Moreover, the effects of spreading resistance are less spatially localized than vacuum
tunneling and thus tend to degrade high resolution imaging capabilities.
With this explanation, the anomalously small Mott gap in STS measurements is identified
as a spreading resistance artifact. It is worth noting that this effect is particularly significant for the
large gap Mott insulators considered here but that substantial tunneling artifacts may also be
relevant to other Mott insulators. For example, TIBB effects have been clearly identified for an
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iridate crystal16 and some discrepancies in gap sizes have been discussed for other iridates18,19. In
general, the study of bulk insulators by STM-based spectroscopic techniques needs to be
approached with caution.
The specific case of layered or low-dimensional Mott insulators seems to be particularly
prone to spreading resistance artifacts. The earlier reports of spreading resistance effects in the
(3x3)-Si reconstruction are explicitly for a 2D surface layer. Both of the materials we report here
are layered van der Waals solids, somewhat similar to graphite in macroscopic characteristics. It
is likely that the impact of reduced dimensionality is to strongly inhibit transport away from the
injection point in the direction perpendicular to the 2D surface layer. This could enhance the
relative importance of spreading resistance artifacts. The importance of considering anisotropy in
nanoscale spreading resistance experiments has been addressed20,21 and will be discussed further
in the next section. By contrast, the more isotropic 3D structure of the spin-orbit assisted iridates
might allow such effects to be diminished compared to the rigid shifts associated with TIBB22.
4.4.2 Charge Transport in RuCl3 and Ir0.5Ru0.5Cl3
From a more constructive point of view, we can view the presence of spreading resistance
artifacts as transforming the tunneling experiments from a spectroscopic probe into a local charge
transport probe. This can be seen by extracting the resistance from the linear part of the I-V curves
in Figure 4.3(a) and 4.3(b) and extrapolating them to large tunneling set points as shown in Figure
4.3(d). An exponential fit to this dependence can be used to extract a spreading resistance of ~1.7
GΩ for RuCl3 and ~2.8 GΩ for Ir0.5Ru0.5Cl3. Baffou et al argue that this spreading resistance
measured through STS gives a way to directly measure the conductivity within the upper and lower
Hubbard bands13.
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To apply this idea to RuCl3 and Ir0.5Ru0.5Cl3, we first consider previous measurements of
the bulk resistivity of RuCl3 that has been reported to be about 1000 Ωcm in the honeycomb plane
by several groups23,24. However, resistivity measurements on such highly resistive, anisotropic,
and often irregularly-shaped samples are known to be challenging25. A recent study focusing on
RuCl3 nanoflakes reports that good electrical contacts could only be obtained by ion milling the
contact region prior to metal deposition26. This suggests that there are significant contact
resistance effects that influence resistivity measurements, which is also consistent with our recent
studies of injection-limited high bias transport properties3.

Intriguingly, the nanoflake study26

reported resistivity values many orders of magnitude lower than other work; 0.1 Ωcm compared
to 1000 Ωcm23,24. This large discrepancy can be attributed to the layered nature of the material
that can lead to a macroscopic lateral resistivity measurement that involves electrical contacts to
different layers of the crystal and is thus not a perfectly “in-plane” probe.
Our own temperature-dependent two-contact resistivity measurements in Figure 4a show
strongly-activated insulating characteristics but yield resistivity values notably higher than most
previous reports for RuCl3. At room temperature, using macroscopic sample dimensions, we
observe RuCl3 to have a two-contact resistivity of 3.34 × 105 Ω𝑐𝑚 and Ir0.5Ru0.5Cl3 to have a
higher resistivity of 1.11 × 107 Ω𝑐𝑚. At room temperature, we also carried out linear four-contact
resistivity measurements that gave slightly lower values for these materials of 2.2 × 105 Ω𝑐𝑚 and
1. 3 × 106 Ω𝑐𝑚,respectively, suggesting a contribution of contact resistance to the data in Figure
4.3(c). The general trend of higher resistance for Ir-substituted materials is robust and will be
discussed below. Nevertheless, it is clear that the details of charge transport in strongly insulating
RuCl3 and related materials are highly variable across different samples and experiments.
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The spreading resistance effects in STS measurements give a complementary approach to
assessing charge transport in these materials. Using the values of spreading resistance extrapolated
from Figure 4.3(d), we can apply a recent theoretical analysis for layered materials to extract
transport information20,21. An important insight is that, for an anisotropic material, the spreading
resistance is proportional to the geometric mean of the in-plane and out-of-plane resistivities as
follows:
(2)

𝑅𝑠𝑝 =

√𝜌∥ 𝜌⊥
4𝑟

.

In this expression, r is the radius of the injecting point contact, 𝜌∥ is the resistivity in the
honeycomb plane, and 𝜌⊥ is the resistivity perpendicular to the plane. Important implications of
the anisotropy are that the penetration of potential lines into the substrate occurs only over a very
thin region perpendicular to the surface, and that the lateral region probed is effectively
significantly larger than the point contact geometrical area20.
Early transport studies indicated a very strong anisotropy for which 𝜌⊥ is more than 103
times larger than 𝜌∥ 23. Based on the spreading resistances observed in our STS studies, the
geometric mean of these two quantities can be directly extracted. Assuming a radius of the
injection region of 1 nm17, the geometric mean is found to be √𝜌∥ 𝜌⊥ = 680 Ω𝑐𝑚 for RuCl3 and
√𝜌∥ 𝜌⊥ = 1120 Ω𝑐𝑚 for Ir0.5Ru0.5Cl3. The earliest pair of macroscopic resistivity values23 for
RuCl3 would give a geometric mean that is several orders of magnitude larger than we have
extracted. This could be lowered by considering the more recent nanoflake studies which have
extracted 𝜌∥ ~0.1Ω 𝑐𝑚26. In principle, this number should be considered accurate since the
contacts are definitively made to a single top layer and the very thin geometry of the flake more
accurately reflects the narrow penetration depth of injected current when compared to the
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macroscopic thickness of bulk resistivity samples. Using this value, our experimental spreading
resistance values imply a value for 𝜌⊥ = 4.6 × 106 Ω𝑐𝑚 for RuCl3 and thus as substantially larger
resistivity anisotropy than previously measured. Interestingly, this resistivity is not far from the
macroscopic two contact resistivity shown in figure 4.3(c) for one of our samples. This indeed
suggests that the macroscopic measurements tend to probe the interlayer resistivity due to the
inability to reliably contact a single layer on irregular anisotropic samples.
A broad significance of these measurements lies in understanding the impact of
substitutional alloying on the Mott insulating state of RuCl3. The substitution of Ir3+ for Ru3+
creates several potentially competing effects. First, the integration of heavier Ir nuclei in the solid
should enhance SOC effects and thus slightly increase the SO-assisted Mott gap. We expect this
substitution to be somewhat benign in that the Ir3+ ions have a full t2g orbital set and thus no
significant impact on charge doping or local magnetic moments. However, the substitution must
certainly create structural12 and electrostatic disorder in the parent RuCl3 Mott insulator. In
particular, one of the major structural imperfections associated with RuCl3 and its substitutional
alloys is the stacking fault12.
The comparison of α-RuCl3 and Ir0.5Ru0.5Cl3 via STM-based spreading resistance
measurements shows relatively minor changes in charge transport behavior due to Ir substitution.
By contrast, macroscopic resistivity measurements show dramatic changes in resistivity and in
temperature dependence.

The comparison of the local measurements to the macroscopic

measurements strongly implicates interlayer transport as the dominating factor in the later. In
particular substitution of Ir may lead to a higher density of stacking faults that gives rise to a strong
enhancement of interlayer resistivity. Thus, the effect of Ir substitution is seen to be relatively
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minor on a microscopic scale and can be used to control disorder in the honeycomb plane with
minor electronic and transport impacts.
In principle, disorder in a Mott insulator is often observed to give rise to a “soft” gap27,28
where the insulator becomes an unusual correlated metal. Relatedly, the incorporation of disorder
could be viewed as a Mott insulator to Anderson insulator transition when the energy spread of
electronic disorder is comparable in size to the Hubbard U29. In the large U situation of RuCl3,
the Mott insulating behavior cannot be readily overcome by disorder effects. It is clear from UPS
and transport measurements that Ir0.5Ru0.5Cl3 remains strongly insulating with a large gap (that
would not be expected in an Anderson Insulator30. We caution that the tunneling spectra in Figure
2 could easily be misinterpreted as evidence of a disorder-induced soft gap if the full set-pointdependent trend was not considered from a spreading resistance perspective.
The general impact of Ir substitution is thus to maintain the strong Mott regime of RuCl3
and the disorder is not sufficient to move the material into a new Anderson-insulator-like phase.
In the UPS measurements, the weak intensity above the band edge near 1eV could arise from an
alloy band31 that would most likely act as a source of strongly-localized charge traps. This would
at least partly explain the increase in resistivity due to Ir substitution. Most importantly, the
substitution can be used to impact magnetic ordering and insulating transport properties while still
maintaining the strong Mott regime of the parent material.
4.5. Summary and Conclusions
In this work we have resolved a known issue9 with tunneling spectroscopy measurements
of the charge gap in RuCl3 by identifying spreading resistance artifacts. These artifacts broaden
the spectral features and narrow the apparent gap in tunneling measurements so that they do not
accurately reflect the density of states of the material. Instead of a spectroscopic probe, tunneling

65

measurements provide new information about the local charge transport properties of -RuCl3 and
its substitutional alloy Ir0.5Ru0.5Cl3. Based on local spreading resistance measurements, these two
materials are expected to have only slightly different resistivities and resistivity anisotropies. This
contrasts with macroscopic measurements that show dramatic differences most likely due to
differences in stacking fault defect density in the two materials. This represents a new result
exploring the impact of elemental substitution into a “Strong Mott” insulator and will prove useful
in future analysis of these solid solutions as they are considered in quantum materials applications.
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Chapter 5: Disorder-controlled Memristor Behavior in IrxRu1-xCl3
Mott materials are an important paradigm in the field of memristors that may help enable
neuromorphic computing applications due to the tunability of the metal-insulator transition. The
Mott metal-insulator transition can act as a tool for creating the highly non-linear, hysteretic I-V
behavior characteristic of memristors. We have shown previously the “strong Mott” material αRuCl3 has pinched hysteresis in its I-V curves. In this paper, we clarify the mechanism of
memristance for this material by focusing on Ir-substituted variants of the form IrxRu1-xCl3.
Substitutional alloys show an increase in the threshold fields required for electrical breakdown that
can be modeled by using massive (n>1000) diode ideality factors in our current injection model.
This extreme ideality factor arises from enhanced substitutional disorder that influences the
structure and density of metallic and insulating domains near the injection-controlled transition.
5.1 Introduction
In systems with strong enough electron-electron interactions, a half-filled band can split
into a fully filled Lower Hubbard Band (LHB) and an empty Upper Hubbard Band (UHB) and
become what is known as a Mott insulator. One interesting consequence of the Mott insulating
state is that they can be pushed into other electronic phases by external perturbations. For example,
strong disorder can create an Anderson-Hubbard insulator1, while applied pressure can enhance
intersite hopping to create a metallic phase in an example of the Mott metal-insulator transition
(MIT)2. Since Mott MITs are a first order, reversable transitions, they have recently been gaining
interest for applications in memristor devices3.
Memristors were first proposed by Chua et al4 as a potential fourth fundamental circuit
element.

They are characterized by a “pinched hysteresis” in their I-V curves5 where the

differential resistance drops after reaching some threshold power but still have zero current at zero
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voltage. This represents a volatile memory state for the resistor. Memristors have become of
interest recently for their potential application in Resistive Random-Access Memory (ReRAM)
and neuromorphic computing architecture6,7. A memristor device was first found by Strukov et
al, where they predicted mobile charged dopants can create pinched hysterisis8. Even more
recently, many Mott materials have been discovered to show memristive properties. NbO2 thin
films have been shown to have pinched hysteresis9, and have even been used to create more
complex novel devices like the neuristor10. Another example is TiO2, a Mott material in which
joule heating has led to hysteretic I-V curves11.
While there are a large number of Mott memristors discovered, there is also a large number
of mechanisms that have been reported for these Mott memristor devices. The pinched hysteresis
in the narrow gap Mott insulator GaTa4Se8−xTex has been attributed to an avalanche breakdown
process12. 1T-TaS2 has shown memristive behavior controlled by charge density wave phase
transitions that are connected to strong electronic correlations13–15.
Oka et al16 proposed an interfacial model for breakdown of a Mott insulator that suggests
yet another mechanism for memristive behavior. They used a many-body model for carrier
injection at the interface of the metal contact where the injected charges drive MITs in the
insulator. The influx of carriers from the contact creates many metallic domains near the interface,
coexisting with the insulating domains. The new interfaces between these metallic domains and
the adjacent Mott insulating domains create Schottky barriers. It’s from the tunneling across these
barriers that Oka et al. demonstrated the pinched hysteresis.
In our recent work17, we combined this idea of the carrier-induced interfacial MIT, modeled
with a Schottky diode equation, with a thermal feedback loop proposed by Gibson et al9 to create
a new model for memristor observations in α-RuCl3. One important result in our model is that it
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requires a “giant” ideality factor (n > 100) to properly reproduce the threshold voltages seen
experimentally. This unusual phenomenological parameter has some precedence in the realm of
disordered semiconductor structures. In our model the origin of disorder is likely to be the complex
metal-insulator domain structure in the Oka picture of interface injection controlled transitions16.
Each metallic domain can create a separate metal-insulator contact, acting as a non-ideal Schottky
diode. The ideality factor of each can be added to get the effective ideality factor of the whole
system. Much of the focus of what follows strengthens and elaborates on the role of disorder in
determining memristive response.
We recently identified the important role of Ir3+ substitution in the surface charge transport
properties of a-RuCl3. This suggests that Ir3+ substitution into a-RuCl3 can be a systematic
approach to assessing the impact of disorder on memristive properties. Recent studies have shown
that Ir3+ substitution above a threshold of 20% has shown fractionalized excitations18–20 that may
be connected to exotic spin liquid physics. Our combine tunneling spectroscopy and transport
experiments showed that Ir substitution increases the material resistivity. We proposed that this
is primarily due to the structural19 and electronic disorder created by the replacement of Ru with
the heavier Ir atoms.
In this paper, we explore in more detail how Ir3+ substitution affects the memristive
properties of RuCl3. Increasing the Ir concentration in the substitutional alloy IrxRu(1-x)Cl3
increases the threshold voltage for breakdown that leads to memristive I-V curves. In the context
of an interface-controlled memristor model, we find that Ir concentration is most closely related to
diode the ideality factor in the Schottky barrier.
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5.2 Experimental Methods
RuCl3 single crystals where grown using the chemical vapor transport method described
previosly21.

Ir substituted sample where made by loading stoichiometric quantities of

commercially bought RuCl3 and IrCl3 powder (Millipore-Sigma) into vacuum sealed glass
ampoules. The ampoules are then heated and go through the same growth method as the pure
RuCl3 crystals. All different compositions were characterized by powder X-ray diffraction using
a Rigaku R-axis Spider Powder X-ray diffractometer with Cu Kα (λ = 1.54056 Å) radiation.
Commercial Ag epoxy (Epotek H-40E) was used to make electrical contacts on cleaved
RuCl3 and Ir-substituted samples for both the 4-probe resistance measurements and the two
terminal memristor measurements.

Both experiments were performed in a Keithly 4200

semiconductor parameter analyzer. For linear 4-probe resistivity measurements, fine gold wires
were attached to the contacts in the flat cleavage plane of the sample and the electrical probes were
directly attached to the gold wires. The semiconductor parameter analyzed sourced a small current
(10 nA) through the outer leads and measuring the potential difference between the inner leads.
Generally we have found that 4-probe measurements give slightly lower resistance than 2-probe
measurements shown in chapter 4 as expected for situations where contact resistance is relevant.
For memristor measurements, the probes are placed in mechanical contact directly with the Ag
epoxy contact pad as described previously17.
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5.3 Results
a.)

b.)

c.)

Figure 5.1(a) PXRD of RuCl3 with varying Ir concentration offset for visibility. 1(b)
showing the shifting of the ( 2 -1 -1 8) peak to lower angle and the (3 0 -3 0) peak to
higher angles with Ir concentration.

Figure 1(d) the current controlled I-V

measurements of pure RuCl3 showing the “s-shaped negative differential resistance”.

Figure 5.1(a) shows powder x-ray diffraction (PXRD) of RuCl3 with different Ir3+
concentrations. The PXRD of the unsubstituted sample matches well with expected results for
RuCl3. Figure 5.1(b) shows a zoomed in view of the 48-degree peak to higher angles with Ir
concentration. This is in agreement with previously reported single crystal XRD results by Do et
al. which show an increase in the overall c-axis lattice parameter as a function of Ir concentration19.
We interpret this as evidence for Ir substitution that is comparable to previous samples.
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The structural disorder of the crystals can also be seen by focusing on the region in the
range of 15-25 in Figure 5.1(a). Here there is very broad background spanning this entire range
of diffraction angles. This background has been previously associated with turbostratic disorder
in RuCl3 sample that had been restacked after exfoliation of nanosheets from single crystals22.
Thus, we interpret the enhancement broad peak as evidence for significant stacking disorder in the
RuCl3 and the Ir-substituted samples.
Figure 5.1(c) shows a typical current controlled I-V curve of our RuCl3 devices. The
current controlled measurements are done by sweeping at constant current steps, while leaving the
voltage as a dependent variable. This shows what is known as an “S-shaped” negative differential
resistance (NDR) curve, which has been seen in many other Mott memristive systems9,11,23–25. In
S- shaped NDR, the voltage increases to some maximum threshold before the material breaks
down and requires increasingly less voltage to achieve higher and higher currents. The fact that
this breakdown is controlled by current will be discussed below and indicates that the breakdown
is related to injected carrier concentration rather than applied electric field.

76

Figure 5.2(a).

Current controlled measurements of RuCl3 with varying Ir

concentrations showing in increase in sample resistance below the threshold and
threshold voltage. Figure 2(b) extracted threshold voltage as a function of Ir
concentration.

The effects of Ir3+ substitution on the memristive properties of RuCl3 can be seen in Figure
5.2(a).

Figure 5.2(a) shows the current controlled I-V curve of RuCl3, with different

concentrations of Ir3+ plotted on a log-log scale for visibility. Higher Ir concentration shows an
increase in sample resistance in the “pre-breakdown” region of the device I-V curves, as expected
from both the spreading resistance in STS, and the 2 probe resistance measurements discussed in
our previous work.
In Figure 5.2(a), the pre-breakdown region exhibits an essentially linear current-voltage
characteristic with a resistance that depends strongly on Iridium concentration.

The most

significant impact of Ir-substitution for memristive properties is to increase the threshold voltage
where the S-shaped NDR turns around. For x=0.5 Ir substitution, the threshold voltage is above
the power limits of the experimental apparatus. This effect is summarized in Figure 5.2(b), which
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shows the extracted threshold voltages for the Ir concentrations in which it was measurable. Note
at x=0.5 concentration, the threshold is larger than 200 V and is not plotted since its precise value
could not be determined.

Figure 5.3(a). Numerical derivative of the I-V data of pure RuCl3 as a function of
voltage. (b). The same derivative as a function of current.

In order to show much more clearly that current is the driving force behind this the resistive
switching in the IrxRu1-xCl3 devices, we can plot the differential resistance as a function of both
current and voltage. Figure 5.3(a) and Figure 5.3(b) shows the numerical derivative (dv/di) of the
I-V data of pure RuCl3 in Figure 5.2(a) as a function of voltage and current respectively. As a
function of current, we can see a decrease in the differential resistance, going negative above the
threshold. The differential resistance as a function of voltage, on the other hand, shows a decrease
in resistance to below zero above the threshold, but is also multivalued function of voltage. The
same is true for all concentrations of Ir3+ we measured. This shows that the differential resistance
is uniquely determined by the current, and not the applied field of the device.
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5.4 Analysis and Discussion
5.4.1 Memristor Model Results
There have been many explanations for non-linear, hysteretic behavior in Mott materials
and it is important to recognize that the diversity of possible mechanisms is one of the important
advantages of the materials class. For example, it has been proposed that high enough fields (~17
MV/cm for a Mott gap of 2 eV) can induce a Zener-like dielectric breakdown of the Mott
insulator26. However, even for the pure α-RuCl3, our threshold fields are on the order of 100 V/cm,
well below what is expected (106-107 V/cm) of breakdowns of this type. There have been reports
of an avalanche breakdown effect in Mott insulators12. However, in RuCl3 a constant voltage near
the threshold shows a gradual increase in the current, and not a sudden drop in resistance as
expected of the avalanche process that occurs with carrier multiplication. Avalanche breakdowns
in Mott insulators are also reported to have shown non-volatile resistive switching, something not
seen in our memristor devices23. It is for these reasons that we proposed a new phenomenological
model for these systems.
Our model is based on the idea of the injection-limited carrier induced MIT’s proposed by
Oka et al16. In their model, they predict that injection of carriers at the interface can create metallic
domains that coexist with the insulator domains. The interface between these metallic and
insulating domains can then create a Schottky barrier. This mechanism seems to be a good fit for
the α-RuCl3 memristors for a number of reasons. First, we have not found any of the characteristics
of avalanche breakdown as already mentioned. In addition, memristor behavior in α-RuCl3 is
observed for nominally bulk samples, despite the fact that it is generally only expected in nanoscale
devices. Our devices have a nominal thickness on the order of 1 mm, while other reported
memristors have a strong dependence on device dimensions above the nanoscale8. This supports
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the idea that the important length scale of the α-RuCl3 memristor is the screening length of the
Schottky barrier at the interface, not the nominal bulk sample dimensions.
In order to build a phenomenological model, we first take a Schottky diode equation for
the I-V dependance that is similar to what is expected from the original Oka model given by,
(1)

𝐼(𝑇, 𝑉) = 𝐼0 𝑇 2 𝑒

𝐸
− 0

𝑘𝐵 𝑇

𝑒𝑉

(𝑒 𝑛𝑘𝐵𝑇 − 1)

In this equation, 𝐼0 is the reverse saturation current, 𝐸0 is the Schottky barrier at the interface, and
𝑛 is the diode ideality factor. By itself, this expression can’t lead to memristive behavior. To
generate a pinched hysteresis loops, we need to include positive feedback to the activated carrier
injection via Joule heating effects that we have described in our previous studies17. To implement
this, we look to Gibson et al’s9 model for S-shaped NDR . They proposed that Joule heating can
be included in Newton’s law of cooling by adding an electrical power term in the form of:
(2)

𝑑𝑇

𝐶𝑇𝐻 𝑑𝑡 =

𝑇𝑎𝑚 −𝑇
𝑅𝑇𝐻

+ 𝐼𝑉

Where CTH is the thermal capacitance, RTH is the thermal resistance, and Tam is the ambient
temperature, and T is the temperature of the sample that is increased by Joule heating. This creates
a thermal feedback loop where higher currents increase the temperature, which in-turn, increase
the current. It is this positive feedback loop that is essential to modeling both the S-shaped
behavior as well as the pinched hysteresis we see in RuCl3’s I-V curves.
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Figure 5.4(a). Modeled current controlled I-V curve at different ideality factors
showing an increase in overall resistance and threshold voltage. (b). Extracted
threshold as a function of ideality factor.

Figure 5.4(a) shows the results of our model with varied ideality factors plotted on a loglog scale for visibility. Qualitatively, the I-V curve match our experimental results by displaying
S-shaped NDR and having a linear shape below the voltage threshold. The parameters used in
these simulations are taken to be similar to those in our previous report of α-RuCl3 memristors17.
In our model the single parameter that best mimics the impact of Ir substitution on threshold
voltage is the diode ideality factor n. This value increases with Ir content and is extraordinarily
large compared with expectations from typical semiconductor diodes.
Even for the case of pure RuCl3, an ideality factor of order 100 is needed to simulate the
observed voltage threshold on the order of our memristors. Ideality factors of this magnitude have
been reported previously27–29 but are uncommon. However, ideality factors outside of the range
previously theorized are needed when we attempt to reproduce the threshold voltages of the IrxRu1xCl3

samples. Figure 5.4(b) shows the extracted threshold voltages as a function of ideality factor.
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As we have shown in figure 5.2, Ir concentrations above x=2 have thresholds on the order of 100
V, with higher concentrations being >200V. This corresponds with Ideality factors above 10002000. These ideality factors are well above what has been reported previously and will be
addressed in the next section.
5.4.2 Relation between ideality factor and disorder
The typical ideality factors for traditional Schottky diodes falls in the range of 1 ≤ 𝑛 ≤ 2,
with 𝑛 = 1 being an example of an “ideal” Schottky diode, and 𝑛 = 2 being heavily non-ideal.
In the traditional view of the Schottky diode, the ideality factor cannot fall outside of this range.
However, experimental observations have be made of Schottky and p-n diode effective ideality
factors well above 2. For example, AlGaN/GaN and ZnO/diamond p-n junctions have shown
ideality factors up to ~628,29. Au-SrTiO3 Schottky diodes have been shown to have ideality factors
up to 1830. Ideality factors greater than 30 have been seen in graphene-silicon diodes31,32. There
have been a few explanations for these high ideality factors. Some have predicted that the high
ideality factors is an artifact of materials that have highly voltage dependent barrier heights33. This
explanation, however, only accounts for ideality factors still close to the expected ideal values ~4.
Another explanation for these large ideality factors is that injection barriers can form at
each of several interfaces in the device. In the case of the AlGaN/GaN diodes, Shah et al29
proposed that the interface with the initial metal contact and the p-type GaN layer, the interface
with the p-type GaN layer and the p-type AlGaN layer, and the interface between the p-type AlGaN
layer and the n-type GaN layer all act as separate barriers. These can therefore be modeled as
three diodes in series. They calculated that the total ideality factor, 𝑛, was the sum of all of the
ideality factors of the individual barriers, 𝑛𝑖 .
(3)

𝑛 = ∑ 𝑛𝑖
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The summation of three ideality factors in the range of 1 ≤ 𝑛𝑖 ≤ 2 adequately explains the
measured ideality factors of the system that range from 3 ≤ 𝑛 ≤ 6. This could plausibly be
extended to more complex systems, with many more interfaces, to produce much higher ideality
factors.
Brötzmann et al27 propose a different model for the “giant” (n>100) ideality factors they
have measured in BN/ZnO heterojunction diodes. The propose what they refer to as a metalamorphous semiconductor-semiconductor diodes (MASS diode). They propose that highly nonideal Schottky barrier is better modeled as a series of an ideal Schottky barrier, a Frenkel-Poole
resistance, and an Ohmic contact resistance. This is meant to model the highly amorphous and
complex contacts of their BN/ZnO diodes, as the number of metal-semiconductor contacts cannot
easily be extracted. This model produces I-V curves that match well with the experimental
observations and match a Schottky barrier with a “giant” ideality factor. Like other models for
high ideality factors this approach relies crucially on the coexistence of multiple different domains
with different transport properties.
We can readily adapt the generic concept of complex domain coexistence to explain the
ideality factors in our measurements. Our model for the memristive behavior of RuCl 3 is based
on Oka’s picture of many simultaneous metal and insulator domains throughout the device from
carrier-induced MIT’s. Each of these metal-insulator interfaces could therefore create a Schottkylike barrier, creating a series network of diodes between the two metal contacts. Figure 5 shows a
cartoon circuit diagram of our device. The sum of the ideality factors of the many Schottky diodes,
using Shah et al’s analysis29, could then give “giant’ ideality factors needed for the pure RuCl3.
The question then become how to explain the even larger (perhaps “colossal”) ideality
factors needed to model the threshold behavior of the IrxRu1-xCl3 devices. The role of Ir
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substitution on charge transport in RuCl3 is not completely understood, despite alloy samples
showing systematically higher resistivities than the pure RuCl3. The substituent Ir3+ has a full 𝑡2𝑔
orbital, making it electronically inert since there will still be a Coulomb barrier to hopping to a
half-filled Ru3+ site.

Our previous UPS measurements have shown the valence band of

Ir0.5Ru0.5Cl3 at a very similar position to pure RuCl3. In addition, there is weak evidence of an
alloy band in Ir0.5Ru0.5Cl3 single crystals.

This could indicate alloy-induced charge traps.

Moreover, there is clear evidence of structural changes in IrxRu1-xCl3 with increasing Ir content.
For example, Do et al reported of AB type stacking faults in concentrations of Ir as low as 0.2 19
and our PXRD results in Figure 5.1(a) show evidence of turbostratic disorder in the alloy materials.

Ag Epoxy

Mott Insulator

Mott Metal
Figure 5.5 A cartoon diagram showing the formation of coexisting metal and
insulator domains creating many Schottky barriers in series.

Thus, the substitution of Ir3+ could create enough structural and electronic disorder to create
much more complex metal and insulator domain structures when introduced with the charged
carriers with an applied current. This is supported by our observations of that Ir3+ substitution
seems to increase the bulk resistance of the IrxRu1-xCl3 single crystals, as well as the in-plane/outof-plane resistance anisotropy. This disorder can create many more metal-insulator interfaces the
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charged carriers would need to pass through, increasing the total ideality factor substantially, like
shown in our cartoon model. In addition, MASS diodes are characterized by charge traps adding
a Frenkel-Poole resistance to the material. The alloy band seen in IrxRu1-xCl3 gives evidence of
charge trapping. Our IrxRu1-xCl3 devices could be acting as a MASS diode due to the contacts
between their many complex and amorphous domains and the strong charge traps in the material.
In our model which approximates the contributions from all interfaces between the two contacts
as a single Schottky equations with a high effective diode ideality factor, this could give rise to the
colossal effective ideality factors.
5.5 Conclusion
We have shown that increasing Ir concentration in IrxRu1-xCl3 memristor devices results in
an increase in pre-breakdown resistance, and an increase in threshold voltage as a function of x.
Within a previously described phenomenological model this variation arises from the diode
ideality factor which can be connected to the highly disordered metal-insulator domain structure
near the breakdown condition. This leads to anomalously high ideality factors that reflect the
extraordinary complexity of the coexisting domains. Evidently, this disorder is enhanced by Ir
substitution.
The complex non-linear behavior shown by Mott memristor devices is important to the
developing field of ReRAM and neuromorphic devices. To this end, controlling the device
parameters is an important goal. It is significant that we can exert substantial control using
chemical substitution and tuning of disorder effects. If halide-based memristors can be optimized
by reducing threshold voltages and device dimensions, this type of tunability will be a major
advantage.
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