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Abstract

The recent discoveries of magnetism in the single atomic layer have opened up a new
direction for two-dimensional (2D) materials research. In this thesis, two types of magnetic

materials are investigated: chromium trihalides and a-RuCls.

Benefiting from the layer-dependent magnetism of few-layer Crlz, we realize a very
large negative magnetoresistance in a van der Waals heterostructure incorporating few-
layer Crlg, arising from spin flipping across the Crls atomic layers. At certain voltage bias,
the value of magnetoresistance reaches nearly one million percent. This finding provides
new opportunities for spintronics devices and elucidates the nature of the magnetic state

in ultrathin Crls.

Prompted by the large magnetoresistance in Crlz, we then conduct a comprehensive
study for the entire family of magnetic chromium trihalides (CrXjs, X=I, Br, Cl) by in-
corporating both few-layer and bilayer samples in van der Waals tunnel junctions. The
tunneling measurements with magnetic field, combined with magnetic circular dichroism
data, uncover interlayer magnetism, exchange gap and magnetic anisotropy of the three
materials. Moreover, we demonstrate that ferromagnetism can persist down to mono-
layer in CrBrsz. We then perform inelastic electron tunneling spectroscopy measurement
for studying their magnon excitations. Their spin Hamiltonians are later determined by

fitting with spin wave calculations.

Finally, we change our focus to a-RuCls, which is predicted to realize spin liquid in the
frame of Kitaev physics. We use a combination of tunneling spectroscopy, magnetotrans-
port, electron diffraction, and ab initio calculations to study the layer-dependent magnons,
anisotropy, structure, and exchange coupling in atomically thin samples. We find that the
extremely large magnetic anisotropy in bulk crystals is reversed in monolayer. Given that
the predicted magnetic field to make a spin-liquid phase transition is hardly accessible in
bulk crystals, this observation shows that quantum spin liquid phase is possibly easier to

induce in a pure 2D limit.
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Chapter 1

Magnetism: From Bulk to

Two-Dimension

1.1 Magnetism and Heisenberg Model

Magnetism originates from spontaneous alignment of spins in various ways, corresponding
to multiple magnetic phases; for example, spins point to the same directions in ferro-
magnetic materials, whereas nearest-neighbor spins are anti-parallel with each other in
antiferromagnets. These diverse periodic patterns in spin alignments normally exist in a
macroscopic scale, collectively forming a long-range order. Such diversity is dominated
by spin-spin interactions, i.e., magnetic coupling. Couplings between spins have various
forms, among which the exchange interaction is crucial, and widely exists in numerous

magnetic systems.

Simply speaking, the exchange interaction or coupling can be established by the singlet-
triplet energy difference of two-electron wavefunctions, due to the Coulomb interaction and
Pauli exclusion principle as two electrons directly overlap with each other[l, 2, 3]. The spin

Hamiltonian can be written as



H=-Y S8, (1.1)
<iyj>
where J denotes the exchange coupling between two nearest-neighbor spins, S; and S;.

To minimize the energy, as J is positive or negative, two adjacent spins favor parallel or

antiparallel (ferromagnetic (FM) or antiferromagnetic (AFM)), respectively.

In addition to a simple direct interaction between two electrons, another mechanism
that leads to exchange interaction is superexchange. Two adjacent transition-metal ions
indirectly interact by coupling to the two electrons through a common nonmagnetic an-
ion. The mechanism was proposed by Anderson[!]: one electron virtually hops from the
ligand to a neighboring magnetic ion and then exchange interaction occurs between an-
other electron on the ligand and the other neighboring magnetic ion. Goodenough[5] and
Kanamori[6] predicted that the sign of superexchange interaction is dependent on the an-
gle formed by two cations and one ligand and the number of d-shell electrons in cations.
As the cation-ligand-cation angle is 180°, AFM interaction is expected between half-filled
d orbitals, whereas FM interaction is established between one half-filled and one empty

orbital. In the case of 90°, superexchange interaction prefers to be FM.

There are more possible mechanisms to realize an exchange interaction[7]; for example,
indirect exchange by interacting with surrounding conduction electrons, or double exchange
through a mobile electron traveling between magnetic ions. They are not the focus of this

thesis.

One may notice that such coupling is isotropic, which means that the interaction only
depends on the relative orientation of two spins. There is no preferred direction for spins
to align with and the collective orientation of spins is only determined by the direction
of the applied magnetic field. However, in reality, magnetic anisotropy generally exists
— higher (or lower) magnetic field is required to magnetize along the hard (or easy)
axis. The formation of magnetic anisotropy relies on anisotropic magnetic interactions
from a variety of sources|[7] such as magneto-crystalline anisotropy, exchange anisotropy

and the Dzyaloshinskii-Moriya (DM) interaction. One direct consequence of the magnetic

2



anisotropy is to induce a magnon excitation gap, which is essential for two-dimensional

(2D) magnetism.

1.2 Two-Dimensional Magnetism

Nowadays, magnetic materials have been applied to various technologies, for example, data
storage[%] or quantum spintronic devices[3]. Classical magnetic materials (bulk magnetism)
gradually no longer satisfy the public’s desire for miniaturization of electronic devices, and
thus reduction of dimensionality in magnetic materials is urgently required. The attempts
to reduce the size of magnets started in 1968[9]. A quasi-two-dimensional magnetic order
was characterized by neutron scattering in a bulk system, KoNiF4, where the long-range
magnetic order exists within the magnetic nickel ions. Since then, research in 2D magnets
was activated and thanks to crystal growth techniques, in the last decade of the 20
centuries, magnetic thin films with only single atomic layers were able to be grown on

substrates[10].

However, some drawbacks still remain since these advances. First, even though quasi-
2D magnetic order is achieved, the magnetic order still exists in a bulk crystal, hindering its
application in real electronic devices. Second, interlayer coupling is still the key to stabilize
the magnetic order, which is not an ideal case for fundamental studies of 2D magnetism.
Third, growing monolayer magnetic materials on substrates is a great success, but defects
are easily introduced during fabrication process and the strong adhesion between substrates
also limits its practical use. Lastly, not only in experiments, at that moment the challenge

for studying real freestanding 2D magnetic materials also remains in theory.

The Hohenberg-Mermin-Wagner theorem[11, 12] strictly proves that as dimensionality
is reduced, at any nonzero temperature, the long-range order can be suppressed due to
thermal fluctuations in a magnetic system, if the system only allows an isotropic short-
range interaction. In contrast to 3D magnetic system whose magnon density of states

(DOS) spectrum always increases from zero (Figure 1.1 a), such continuous symmetry



in an isotropic 2D system brings a finite DOS for magnons at zero excitation energy
(gapless magnons) (Figure 1.1 b) [13, 4] and hence minute thermal energy sufficiently

excite massive magnons, destroying the magnetic states.

isotropic 3D isotropic 2D

4 magnon DOS

> >
Energy

Figure 1.1: Schematics of magnon DOS spectrum in isotropic magnetic systems. (a) In
3D, magnon spectrum increases from zero DOS. (b) In 2D, magnon DOS is flat, starting

from zero excitation energy. At a finite temperature, more magnons are excited in 2D than
3D. Reproduced from ref[11].

A few limitations should be pointed out for the famous theorem. First, the theorem
only applies to isotropic systems with nearest-neighbor interactions, whereas long-range
intralyer and interlayer interactions for few-layer crystals is hardly avoided. Second, the
theorem considers an infinitely large 2D system, which implies finite-size effect might breaks
the limitation for real 2D devices with micro-meter sizes. Third, defects or disorder, which
is commonly observed in reality, is not included in the theoretical model since the theorem
assumes an exactly continuous symmetry of Hamiltonian. Therefore, in order to realize

and study 2D magnetism, various factors should be taken into accounts.

Despite of these limitations, breaking continuous symmetry is still the central factor to

stabilize 2D magnetic order at nonzero temperature. The two-dimensional Ising model[l5],



which hosts discrete symmetries, is one of the easiest ways to satisfy this.

In the Ising model, spins can be in one of two states (41 or -1). The spin Hamiltonian

is written as

H=-Y"JS;S; (1.2)

<ij>

The strong easy-axis anisotropy could open a spin wave excitation gap, giving rise to a
compensation with finite thermal energy and thus stabilizing long-range magnetic order
below a nonzero critical temperature (called Curie temperature for ferromagnets, 7., and
Néel temperature for antiferromagnets, Ty). However, in most circumstances, T2 is still
lower than T”“* due to the interlayer exchange coupling. It is worth to note that such

transition can be used to mark the crossover from bulk to a truly 2D characteristic[16].

In contrast to the easy-axis anisotropy, the XY model with easy-plane anisotropy was
also theoretically investigated. In the XY model, orientations of all spins are constrained
within the 2D atomic plane. In spite of the existence of magnetic anisotropy, the system
is still not expected to possess a typical magnetic order due to the continuous symmetry,
whereas Berezinskii-Kosterlitz-Thouless transition [17, 18] may occur at a finite tempera-
ture: At low temperature, vortex-anivortex pairs are formed and decay in relatively slow
rate at boundaries, leading to a quasi-long-range order within an atomic layer. This is not
the focus of this thesis.

Inspired by the isolation of freestanding graphene in 2003[19], experimentalists then
turned to “van der Waals materials” whose magnetic anisotropy has been reported in bulk
form. In 2017, the difficulties listed above were overcome with the discovery of 2D mag-
netism in two van der Waals materials, Crl3[20] and CroGeyTeg[11]. A brief introduction

to van der Waals materials is given in the next section.



1.3 Van der Waals Materials

2D materials are a family of ultrathin crystalline solids with thickness of single or few atomic
layers. Together with layered ionic solids and surface assisted nonlayered materials[21],
various van der Waals materials, which is the focus of this thesis, constitutes the field of
2D materials. The most well-known van der Waals materials is graphene[19], leading to a
Nobel Prize in 2010 for its extraordinary physical properties and subsequently hundreds
of various van der Waals materials were discovered and investigated for their interesting
properties and potential applications in field-effect transistors[22], spintronic devices[23],

and optical devices[21] etc.

Van der Waals material is not merely a thin crystal. Layered graphite consists of loosely
stacked graphene layers and behaves as a conductor of electricity. Once carbon layers
are segregated, the monolayer graphene behaves like a semimetal with no bandgap. The
linear dispersion near Dirac points leads to emergence of massless Dirac Fermion[19, 25].
Emergent phenomena including integer and fractional quantum hall effect were discovered
[26, 25, 27]. In contrast, bandgap opens in bilayer graphene and highly tunable with

external electric field[25].

Such extensive research inspired exploration on other 2D materials, broadening the 2D
family to semiconductors and insulators, along with discovery of more unprecedented prop-
erties. One representative is transition metal dichalcogenides, which cover from insulators
to conductors. For example, bandgap of MoS,[29] transitions from indirect to direct as
the thickness is reduced to monolayer, dramatically enhancing the intensity of photolu-
minescence compared to bilayer and bulk crystals. These examples unveil how important
the role of dimensionality control is playing in fundamental studies of condensed matter

physics.

For van der Waals materials, in-plane strong covalent bonds stabilize each atomic layer,
and rather weak van der Waals interaction between layers allows easy separation of layers.

This feature provides a unique opportunity to design and fabricate any desired artificial



nanostructure for various purposes, called van der Waals heterostructures, by simply stack-
ing isolated atomic layers of van der Waals materials from top to bottom (see Section 3.3
for more fabrication details). Compared with traditional growth methods, van der Waals
heterostructures break the constraints of lattice matching and processing compatibility[30],

yielding an ultraclean and atomically sharp interface.

One example in practical use is tunnel devices with hexagonal boron nitride (h-BN). The
large bandgap (~ 6 €V) [31] and perfectly flat surface free of dangling bonds|[32] makes it an
excellent choice for tunnel barriers. Previous work has demonstrated a prototype of field-
effect tunneling transistors by integrating h-BN with graphene as electrodes and external
gates[33]. Moreover, due to its chemical stability and high breakdown voltage, h-BN is

widely used as protection layer of van der Waals heterostructures from oxidation[20].

1.4 Pristine 2D Magnetic Materials: Van der Waals
Magnets

Since the discovery of graphene, various attempts have been concentrating on extrinsically
inducing magnetism in nonmagnetic van der Waals materials, by either introducing defects
for breaking continuous symmetry[34] or proximity effect[35] relying on the sharp interface
in van der Waals heterostructure. In 2017, the chapter for 2D magnetic materials was
started by two van der Waals chromium compounds: Crls[20] and CroGesTeg[! 1], wherein

Crl; is one of the focuses in this thesis.

Bulk CrlI3[36] and CraGeyTeg[37] both are ferromagnetic semiconductors with easy-axis
anisotropy, which motivated researchers to explore the 2D magnetism for these materials.
Monolayer Crls is an Ising-type ferromagnetic 2D semiconductor (Figure 1.2 a). The
Curie temperature is 45 K, slightly lower than the bulk 7. (61 K[36]) due to the weak
interlayer exchange coupling. In contrast, thin CryGesTeg follows Heisenberg model with

a weak magnetic anisotropy generated by a small unit-cell distortion, slightly lifting the



Hohenberg-Mermin-Wagner restriction (Figure 1.2 b). The Curie temperature of bilayer
CryGeyTeg drops by over 50%, compared to the bulk case, and the magnetic order has
to be stabilized with assistance of a small external field (0.065 T). Stimulated by these
ground-breaking results, intrinsic 2D magnetic materials have been broadened to a big and

growing family in the recent years.

Our work evidences that the other two analogues to Crls, CrBrg and CrCls, are also
able to maintain magnetism down to the atomically thin limit using the magnetic-optical
Kerr effect and tunneling spectroscopy (see Chapter 5 and 6). In parallel, Klein et al. also
reported similar findings[38]. In addition, some other transition metal chalcogenides com-
pounds similar to CroGesTeg have also been discovered to have 2D magnetism. FePS3[39] is
the one with Ising-type antiferromagnetism in few-layer structure and Fe3GeTey[10] is the
first conducting 2D Ising-type ferromagnet. The Curie temperature of monolayer reaches
as high as 130 K (even though it is still quite lower than bulk 7. = 205 K). Surprisingly,
the T, was discovered to be highly tunable with electric doping and was finally able to

increase up to room temperature, providing possibilities for practical use.
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Figure 1.2: 2D magnetism in Crl; and CryGesTeg. (a) Magnetic-optical Kerr effect
(MOKE) signal of graphite-sandwiched monolayer Crlz as a function of applied magnetic
field. The hysteresis loop shows indicates the existence of FM with easy-axis anisotropy.
(b) Optical image and Kerr image of bilayer and trilayer CroGeyTeg exfoliated on SiO,/Si

with scale bars of 10 mm. The Kerr response indicates easy-axis ferromagnetic nature.
Adapted from ref[20] and [11].

Having such new role joining in the sizable 2D material library with dispersive fas-
cinating properties, van der Waals heterostructure displays more possibilities for future
applications, for instance, low-power spintronics: Instead of h-BN, with a 2D magnetic
semiconductor serving as tunnel barrier in a tunnel junction, tunneling resistance could be
easily tuned by external magnetic field. We fabricated such magnetic tunnel junction by
incorporating few-layer Crls with graphene electrodes, demonstrating an incredibly large

magnetoresistance (see Chapter 4).



What I listed above only covers a few van der Waals magnets in monolayer or few-layer
structures verified in experiments. A full library based on experimental observations and
theoretical prediction can be found in several review papers[3, 11], one of which provides a
detailed summary of van der Waals magnetic materials[3] (Figure 1.3). In this table, only
one van der Waals material owns a unique color code: a-RuCls. The crystal is considered
as a candidate for long-sought exotic state of matter, Kitaev quantum spin liquid (KQSL)
state, hosting long-range coherence and fractionalized excitations. The application in fault-
tolerant topological quantum computing[12] attracted tremendous interest in pursuing the
KQSL state. In the past decades, theoretical and experimental work both focused on bulk
crystal whereas KQSL is a 2D model. My last three years of PhD program primarily
concentrated on investigating magnetism of the monolayer and few-layer a-RuCls and the

work is shown in Chapter 7.

Cr,Ge, Te, Cr,Si,Teg, Fe,P,S;, Fe,P,Ses, Mn,P,S;, Mn,P,Se4, Ni,P,S, Ni,P,Ses, CuCrP,Se;",

Fe,GeTe,, VSe,', MnSe,” | AgVP.S,. AgCrP,Sq. CrSes. CrTe,, NiCr,P.S,. MnBi,Te,’. MnBi,Se,” CuCrP,S,

Chalcogenides

CrCls, FeCl,, FeBr,, Fel,, MnBr,, CoCl,, CoBr,, | CuCl,, CuBr,, NiBr,, Nil,, Col,, Mnl,
Halides Crl;", CrBr;, Gdl, NiCl,, VCL,, VBr,, VL, FeCl,, FeBr;, CrOCl,
CrOBr, CrSBr, MnCl,*, VCL;", VBr;" a-RuCl,
MnX; (X =F, Cl, Br, I), FeX, (X =Cl, Br, I), SnO, GeS, GeSe, SnS, SnSe, GaTeCl,
Others Wiy i, Bak, G2 MnSSe, TiCl,, VCI, CrN, CrB,

Figure 1.3: Van der Waals magnets library. Green: bulk ferromagnetic van der Waals
crystals; Orange: bulk antiferromagnets; Yellow: bulk multiferroics; Gray: theoretically
predicted van der Waals ferromagnets (left), half metals (center), and multiferroics (right);

Purple: a-RuCl;(a proximate Kitaev quantum spin liquid). Adapted from ref[3].
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1.5 Thesis Outline

This thesis concentrates on transport properties and spectroscopy of atomically thin 2D van
der Waals magnetic materials: chromium trihalides and a-RuCl;, whose magnetic proper-
ties for interlayer and intralayer couplings are discussed in Chapter 2. The mechanism for

the tunneling measurements we perform is introduced in Chapter 3.

In Chapter 4, we report a very large magnetoresistance by tunneling current through
few-layer Crlz. This emergent phenomenon is attributed to the change between antiparallel
to parallel alignment of spins across layers of A-type antiferromagnetic Crl3. We find that
the magnetoresistance is able to reach one million percent under certain conditions, which

is a few orders of magnitude larger than other common magnetic systems.

Relying on the significant spin-filtering effect, in Chapter 5, we further conduct a sys-
tematic study for the interlayer magetism of the three chromium trihalides, together with
magnetic circular dichroism measurement, in which the types of interlayer coupling, mag-
netic anisotropy and exchange splitting gaps are determined. In addition, we prove the
existence of ferromagnetism in monolayer CrBrs, with transition temperature surprisingly
close to that of the bulk and the antiferromagnetism of CrCls survives down to bilayer
limit.

Chapter 6 reports the magnetic excitations for three three chromium trihalides, Crls,
CrBrs, and CrCls. By incorporating bilayer samples in van der Waals tunnel junctions,
we find that magnon excitations evolve with changing halogen atom in inelastic electron
tunneling spectrums. By fitting to a spin wave theory that only considers nearest-neighbor
exchange interactions, we are able to determine magnetic couplings for all three bilayer

systems and classify them into Ising, anisotropic Heisenberg, and XY spin models.

In Chapter 7, we shift our focus to a more complicated magnetic system: a-RuCljs.
As mentioned, the crystal is a promising material to potentially realize the long-sought
Kitaev quantum spin liquid with fractionalized excitations. While evidence of this exotic

state has been reported under a modest in-plane magnetic field, such behavior is largely
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inconsistent with theoretical expectations of Kitaev phases emerging only in out-of-plane
fields. These predicted field-induced states are out of reach due to the strong easy-plane
anisotropy of bulk crystals, however. Motivated by the results in chromium trihalides fam-
ily, we continue to use tunneling spectroscopy to investigate the strong correlated system.
Together with magnetotransport, electron diffraction, and ab initio calculations, we explore
layer-dependent magnons, anisotropy, structure, and exchange coupling in atomically thin

samples.

In Chapter 8, the thesis is summarized and I discuss about the potential application of

twisting technique in modulating interlayer magnetic coupling in bilayer Crls.
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Chapter 2

Magnetic Interactions of 2D van der

Waals Magnetic Materials

Compared with other materials, van der Waals materials do not have a relatively strong
interaction between layers including exchange interaction, and thereby magnetic couplings
should be categorized into two classes: interlayer and intralayer coupling. In the chapter,
2D magnetism of the two materials we focus on, chromium trihalides (CrXs, X=Cl, Br, I)

and a-RuCls, is introduced.

2.1 Chromium Trihalides

2.1.1 Intralayer coupling

Within each layer, Cr atoms form a honeycomb lattice, and each two nearest neighbour Cr
atoms are separated by two X atoms. Then six X atoms, surrounding a single Cr atom,
forms an edge-sharing octahedra (Figure 2.1). In such environment, Cr atom is oxidized

and contributes three electrons to the surrounding ligands, thereby having three electrons
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on the outer shell with electron configuration of 3s23d>. In this scenario, X ~ ions have no

paired electrons and becomes purely non-magnetic.

Figure 2.1: Illustration of monolayer Crls structure. (a) Bird’s eye view of monolayer. (b)

Edge-sharing octahedra. Rendered from the crystallographic data in ref[30].

In an octahedral environment, five degenerate d orbitals should split into two states:
triply to, orbitals with lower energy, and doubly e, orbitals with higher energy, due to
crystal field splitting (Figure 2.2 a). Figure 2.2 b shows the band structure of Crls in fully
ferromagnetic configuration from standard density functional theory (DFT) calculation.
The three outer electrons separately occupy the to, manifold with parallel spins (spins
point up) by following Pauli exclusion principle and the first Hund’s Rule. It forms the
valence band, resulting in quench of total orbital moments[13]. The empty e, states, which
also favour up spins, form the bottom of the conduction band. With minority spin (spins
point down), to, states are even higher than e, states with majority spins. As a consequence
of exchange interaction, this spin-dependent band gap is referred to exchange splitting or
exchange gap, leading to the spin-filtering effect discussed in Chapter 3. At the same time,
total spin of S = 3/2 from the three unpaired electrons contribute entire magnetic moment
of each Cr** ion with orbital moments L = 0, leading to ordered moments of ~ 3up for
CrXs.

14
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Figure 2.2: Crystal field splitting in an octahedral environment. (a) Crystal field splitting
diagram for Cr®* ions. (b) DFT calculations for bulk Crl;. Spin-dependent bands are
clearly shown and an exchange splitting gap is formed between eg and tgg. Adapted from
ref[44].

Interaction between magnetic cations determine which type of magnetism each layer
forms. Direct interaction is negligible due to large separation of Cr3* ions (~ 4 A[36]).
Due to the semiconductor nature, indirect interaction is forbidden and only superexchange
mechanism is possible. Superexchange is a virtual interaction between the half filled to
and the empty e,, mediated by the p orbitals of non-magnetic ligands. In the case of CrXs,
the angle is nearly 90 degree, yielding a strong ferromagnetic coupling, J > 0 between

Cr** ions, according to the Goodenough-Kanamori rule.

As mentioned in Chapter 1, different magnetic anisotropies could possibly stem from
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DM interaction, magneto-crystalline anisotropy, exchange anisotropy. DM interaction is
inherently forbidden by inversion symmetry of the Cr-X-Cr bonds[15]. The other two cou-
plings are allowed by such symmetry, whereas density functional theory results have shown
that for Crlz, the magneto-crystalline anisotropy is significantly weaker than exchange
anisotropy[13]. Such easy-axis magnetic anisotropy in Crls predominantly originates from
the SOC of iodine. With reducing the element number of halogen, the strength of SOC
from ligands is weakened. For CrCls, SOC in Cl is negligible and thus holds the weakest
magnetic anisotropy originating from shape anisotropy, which broadly exists in classical

magnetic mediums.

Based on the above discussion, in the early studies for the CrXjs system, a simplified

generic spin Hamiltonian can be proposed with the addition of exchange anisotropy:

H=—Y JS;-8;—X\> S8;8; (2.1)

<iyj> <iyj>
where A represents the exchange anisotropy. More terms are shown to be required for
precisely describing the 2D magnetic systems by later studies[10], such as Heishenberg
interactions and DM interaction on next-nearest neighbors. It should also be noticed that,

since interlayer coupling is over one order of magnitude smaller than intralayer coupling J

[17], interlayer exchange interaction is not included in the simple spin Hamiltonian, either.

2.1.2 Interlayer coupling

In contrast to the bulk Crlz, few-layer Crls exhibits antiferromagnetic coupling between
ferromagnetic layers (A-type antiferromagnetism). The interlayer interaction is missing in
Equation 2.1 and above discussion cannot interpret why bulk Crl; is ferromagnet whereas
thin Crl; is A-type antiferromagnetic. Such confliction indicates that the interlayer mag-

netic exchange is changed as crystals are thinned.

The interlayer coupling is driven by a more complicated interaction: super-superexchange|

], where virtual electron hopping between the Cr®* d orbitals through the p orbitals of two
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nearby I~ anions. This process depends on the orbital overlapping between ions, and thus
the stacking order and relative angles of layers greatly affects the interlayer magnetic order.
Ultimately, in case of Crlz, which favours ferromagnetism and antiferromagnetism in rhom-
bohedral and monoclinic, respectively. Above 200 K, Crl3 has monoclinic structure[36].
As cooled below 200 K, the structure for bulk Crls is rhombohedral[36], whereas 2D Crl;
stacking remains unchanged at low temperature[50, 51]. Below the Curie temperatures
(bulk: 61 K; few-layer: 45 K), for bulk and thin cases, low-temperature structures imply
ferromagnetic and antiferromagnetic exchange, respectively, which are consistent with the

observed interlayer magnetic couplings of Crls.

Similar to bulk Crls, bulk CrBrj is ferromagnet with easy-axis anisotropy below T,=37
KI[52], while bulk CrCl;[53] has antiferromagnetic coupling between layers with easy-plane
anisotropy below the Néel temperature Ty=17 K (see Figure 2.3 for summary). Their
interlayer magnetism is later shown in our work (see Chapter 5) and several relevant
works[51, 38]: antiferromagnetic and ferromagnetic interlayer coupling persist down to

bilayer for CrCls and CrBrs, respectively, with minor decrease in critical temperatures.
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Bulk-Crl, , Bulk-CrBr, Bulk-CrCl,

Figure 2.3: Interlayer magnetic coupling for bulk CrXs;. Adapted from ref[55].

2.2 Oé-RLlClg

2.2.1 Kitaev model

The Kitaev model is a celebrated spin-1/2 model on the 2D honeycomb lattice with bond-
dependent Ising interactions[56], which features a highly entangled quantum spin liquid
(QSL) ground state, fractionalized Majorana excitations, and a series of magnetic-field-
induced quantum phase transitions[56, 57, 58, 59, 60, 61, 62]. This model was proposed by
Alexei Kitaev with exact solution in 2006. The Kitaev Hamiltonian has three orientation-

dependent Ising-type terms for each site on the honeycomb lattice:
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H=Y" 53] (2.2)

<iyj>

where v = {z,y, 2}, correlating to the X-, Y- and Z-bonds, shown in Figure 2.4. In this
Hamiltonian, spin-spin interaction depends on the type of the bond connecting the two
nearest neighbour spins with easy axes parallel to x-, y-, and z-axes, perpendicular to
each other. In this scenario, it is impossible to satisfy all interactions simultaneously. In
a classical picture, infinite degenerate magnetic states are allowed at ground state. As
the quantum mechanical effect is turned on, the magnetic frustration leads to a highly
entangled QSL state.

Figure 2.4: The Kitaev model. Color code: orange denotes X-bond; green denotes Y-bond;
blue denotes Z-bond. Corresponding to three bonds, three easy axes can be defined. Each
axis is perpendicular to its correlated bond and the three axes are perpendicular to each

other. To be noted that even though it is a 2D model, the three axes are not coplanar.
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2.2.2 Jackeli-Khaliullin mechanism and a-RuCl;

The search for materials realizing the Kitaev model has been an ongoing challenge for over
a decade and may potentially lead to applications in fault-tolerant topological quantum
computing[12]. The mechanism for realizing Kitaev interaction was proposed by Jackeli
and Khaliullin[63] in 4d and 5d transition-metal-based Mott insulator with strong SOC.
They considered the magnetic interaction between adjacent d° ions in an octahedral envi-
ronment, where the crystal field splits the d orbitals into to, (lower energy) and e, (higher
energy) states. The strong SOC further splits ty, states into two states with total angular
momentum of j.sr = 1/2 and j.;r = 3/2, with higher and lower energies, respectively.
Then the j.sr = 3/2 state is fully filled and leave one hole localized in j.;; = 1/2 subject

to strong electronic correlation (large Hubbard limit), as shown in Figure 2.5.

octahedral crystal field

GRS
r D> > A A

Tt T 1 t,

SOC
TN g =2
#it

Jers =312

g
dS orbital (free ion)

Figure 2.5: Formation of j.;y = 1/2 moments for ions in a d® electronic configuration.

For the strongly coupling system, a generic Hamiltonian should be considered[(4]:
<ij>
where J;; is the Heisenberg term, D;; is the DM term and I';; is the symmetric pseudo-

dipolar tensor.

Apparently, a pure Kitaev system requires net zero for Heisenberg term, DM interaction

and off-diagonal components of pseudo-dipolar tensor and only one diagonal component
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should remain nonzero (for example, only I',, on the diagonal in the pseudo-dipolar tensor
is nonzero as the < i,7 > bond is z-type). Jackeli and Khaliullin[63] proved that an
idealized edge-sharing octahedra with inversion symmetry is able to realize such condition.
Considering the virtual hopping between the two neighbouring magnetic ions through the
ligands on the shared edge, the hopping path between two j.;r = 1/2 states is cancelled
out by interference, whereas the path between j.;r = 1/2 and j.sr = 3/2 is allowed. Then
the two holes individually on j.rr = 1/2 and j.rr = 3/2 are interacting through Hund’s

coupling, yielding a bond-dependent Ising interaction, Kitaev interaction.

However, non-Kitaev interactions inevitably present in real materials[64]: direct ex-
change between d-d orbital hopping; next-nearest neighbour exchange due to the extended
4d and bd orbitals; and DM term due to deviation from ideal octahedral environment
(cation-ligand-cation angle is not perfectly 90 degree). These factors may lead to extensions
of the Jackeli-Khaliullin mechanism with various coupling terms (Heisenberg, off-diagonal
in I';;,

Kitaev QSL phase with magnetic orderings. Therefore, a careful tuning of the exchange

next-nearest neighbor, etc.) and almost always drive the ground state away from the

parameters is needed[(5, 66, 67, 64].

In this thesis, we work with a layered van der Waals material that is a particularly
promising candidate to realize Kitaev physics, a-RuClz. Similar to chromium trihalides,
edge-sharing RuCl6 octahedra form a honeycomb lattice and adjacent layers are coupled by
van der Waals interaction. Together with the nature of spin-orbit assisted Mott insulator,
the nearly ideal octahedral structure is likely to satisfy Jackeli-Khaliullin mechanism. As
shown in Chapter 7, tuning for magnetic coupling is achieved by spontaneous structure

distortion down to monolayer limit.

As a consequence of these non-Kitaev interactions, the ground state of a-RuCls is
zigzag (77) antiferromagnetic (AFM) below Néel temperature Ty ~ 8 K with strong easy-
plane anisotropy[68], although this ordering can be suppressed with the application of an
~ 6-8 T in-plane magnetic field. The presence of a half-integer thermal quantum Hall

effect has been reported in this intermediate phase at low temperature[69, 70], while an
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unusual continuum of magnetic excitations can be seen even without magnetic field that
persists far above the Néel temperature[71, 72]. Both observations hint at a-RuClz being
in proximity to a QSL, making it a current subject of intense scrutiny. However, two main

problems remain unsolved and hinder further investigation.

e Experimental debate: Recent experiments[73, 74, 75] have indicated the possibility
of a phase analogous to the Kitaev spin liquid being accessed at the intermediate
in-plane fields in the bulk, where the zigzag magnon is completely gapless. However,
this finding remains controversial because no extended Kitaev model has yet been
demonstrated to feature such a phase, despite extensive theoretical searches, and
several contradictory results have been reported to show a gapped nature of the

zigzag magnetic order[76, 77].

e Inaccessible experimental condition: From a theoretical point of view, a QSL induced
by in-plane field generally cannot be accounted for, as most calculations for a-RuCl;
show Kitaev phases more broadly emerging from an out-of-plane field[61, 78, 79, 80,

|. Due to the strong easy-plane magnetic anisotropy of bulk crystals, however,

prohibitively high fields above 30 T are required to access such states[32, 83, 81].

The interlayer coupling is still under debate due to the unclear mechanism of interaction
between atomic layers[35, 86]. Moreover, the reported stacking fault in a-RuCl3[87] makes
the interlayer interaction even more mysterious. Given that the Kitaev model is purely a

2D model, in this thesis, we only focus on the intralayer magnetism in this system.
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Chapter 3

A Probe for Interlayer Coupling and
Magnetic Excitations: Tunneling

Heterostructure

Chromium trihalides and a-RuCls crystals are layered van der Waals semiconductor with
various band gaps (1.2 eV, 2.1 eV, 2.3 eV and 1.9 eV for Crl;3[33], CrBr3[39], CrCl3[89],
a-RuCls[90], respectively), thereby offering a chance to perform a tunneling measurement
to investigate the magnetic properties down to few-layer and even monolayer limit. Here,
we propose two mechanisms for studying interlayer and intralayer magnetism, using a

tunneling heterostructure Metal/Magnetic Barrier/Metal, as shown in Figure 3.1 a.
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Figure 3.1: Tunneling heterostructure with a voltage bias. (a) Metal/Magnetic Bar-
rier/Metal heterostructure. A voltage bias is applied between the two electrodes. (b)

Three types of transmission mechanisms.

3.1 Interlayer Magnetism: Fowler—-Nordheim Tunnel-
ing and Spin-Filtering Effect

As a voltage bias is applied between the two metallic layers, quantum mechanics predicts
a nonzero tunneling probability. Generally, three types of transmission may occur: direct

tunneling, Fowler-Nordheim (FN) tunneling and thermal-assisted tunneling (Figure 3.1 b).

In direct tunneling, the emitted electron tunnels across the whole barrier, which always
happen in general cases. As the voltage bias increases, electrons in the metallic electrode,
especially close to the Fermi level, shall see the canted top of the energy barrier with

a thinner barrier. The whole tunneling process is thus strongly dependent on the bias:
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the higher the voltage bias is, the more dominant the FN tunneling will be. At high
temperature, another mechanism is enabled. Electrons close to the Fermi surface are
thermally excited over the bottom of conduction band in barrier, and thus moves freely

across the barrier.
The current-voltage relation for direct and FN regimes can be expressed as[91]:

Liirec 1 2dy2m.®
direct o p — — ZCV e ™ (3.1)

ey h

Iry _ 4dv2m.®3 (l) (3.2)

1
Py > 3he %

where e is electronic charge, V is the applied bias across the barrier, m is the effective
electron mass, which we estimate to be the free-electron mass, A is the Planck’s constant,
and @ is the barrier height. In principle, by applying a linear fitting between In(1/V?) and
1/V (or In(1/V)) to current-voltage characteristic curves, we can extract the barrier height
from Equation 3.2 (or 3.1). However, since FN tunneling is dominant at higher voltage
regime, where the signal-to-noise ratio is higher, in practice we normally use FN tunneling

to extract the barrier height.

For ferromagnetic materials, the energy barrier becomes spin-dependent, due to the
presence of exchange splitting gap (Figure 3.2 a). Above the Curie temperature, exchange
gap does not exist, and then energy barrier, ®p,y, is related to paramagnetic (PM) state.
Below the Curie temperature, between minority and majority spins, an exchange splitting
gap is open at the original barrier height (Figure 3.2 b), and two tunneling barriers are
generated, determined by the minority- and majority-spin energy band, yielding two tun-
neling currents. The current through the lower majority-spin band dominates. Then the
energy barrier extracted from the current-voltage characteristic curve can be approximated
as majority-spin energy band (®g)/). As the exchange splitting is turned on or off, from
FN tunneling, we can measure ®zy; or ®p, s, respectively. Therefore, we can approximately
estimate this fundamental quantity for ferromagnetic materials by F., = 2(®py—Pras)-

Moreover, since the tunneling electrons with the majority spin is dominant, the current
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becomes spin-polarized after tunneling, just like "filtered” by the spin-dependent barriers.

Therefore, this effect is called spin-filtering effect.

a b

barrier (PM)

minority spins

Eex

majority spins

Figure 3.2: Spin-dependent energy barriers for tunneling currents. (a) Ferromagnetic
tunneling barrier below Curie temperature. (b) The exchange gap is formed between
minority-and majority-spin energy bands. The dashed line represents the barrier height

above T, where the system is in PM state.

Furthermore, the spin-filtering effect can be utilized for achieving large magnetore-
sistance. An idea of double spin-filering junction was introduced in the early 2000s[92].
The magnetic tunneling barrier is composed of two magnetic layers with unequal coercivi-
ties. Above the Curie temperature, both layers behave paramagnetically. Below the Curie
temperautre, due to the difference in coercivities, we can achieve two spin configurations:
parallel and antiparallel (Figure 3.3). When the two layers’ magnetization is parallel, the
whole junction behaves as a normal spin-filtering junction, resulting in a rather low re-
sistance and a highly spin-polarized current. When the magnetization is antiparallel, the
electron crossing the lower (higher) barrier in the first layer will have to cross the higher

(lower) barrier in the second layer, yielding a high resistance and non-polarized current.

This double spin-filtering junction provides a new approach to determine the interlayer

ordering between ferromagnetic intralayer (for example, chromium triiodide). If the inter-
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layer coupling is ferromagnetic, as temperature decreases across the Curie temperature,
since the " parallel” configuration naturally forms, a decrease in resistance is expected and

vice versa.

T>T, T<T,

antiparallel .. N\

parallel | ™\

]

Figure 3.3: Schematic illustration for double spin-filtering junction across the critical tem-
perature. The dashed line represents the barrier height above 7., ®p;;. Reproduced by
ref[93].

3.2 Intralayer Magnetism: Inelastic Electron Tunnel-

ing Spectroscopy

Inelastic electron tunneling spectroscopy (IETS) has been used for probing collective vi-

bration mode (phonons) in molecular junctions[94], and magnons[95]. The first attempt
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for 2D magnetic materials was made in 2018[90], inspiring us to explore the magnetic

excitations using this technique.

In Section 3.1, we assume that electron tunneling is elastic. This approximation should
fail as the sample barrier becomes thinner (tunneling resistance is reduced) and the applied
bias is small, since the tunneling electrons might scatter with a quasi-particle excitation
in the barrier. Such inelastic tunneling channel could significantly change conductance.
When the junction voltage increases above the energy of an inelastic excitation (phonon
or magnon), theoretically, the AC conductance (dI/dV') will abruptly increase as a new
inelastic tunneling channel is opened (Figure 3.4 a). In an idealized scenario, this conduc-
tance increase will take the form of a step function, and so the derivative (d?1/dV?) will

exhibit a sharp peak at the excitation energy (Figure 3.4 b).
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Figure 3.4: Schematic illustration of inelastic electron tunneling spectroscopy. (a) En-
ergy band diagram of a tunnel junction. We can see that with a minute bias applied,
Fowler-Nordheim tunneling is not allowed. (b) The corresponding dI/dV and d*I/dV? as

a function of bias. The position of the symmetric peaks equals to the excitation energy.

Realistically, the conductance contributed by the elastic background cannot be ignored
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and completely flat for a tunneling barrier. Additionally, since the excitation is not in-
finitely sharp due to finite width of density of states, we may simply see a rise in the

conductance when the excitation energy is reached, yielding a peak feature in d*I/dV?2.

The peak width is affected by two factors[97]: thermal fluctuation and instrumental

broadening, defined as following, respectively:

1 (x —2)exp(z) + = + 2

X(V) = 15 exp(2) exp(o) 1) (3:3)
L2V V<V,
o(V) = { . V>V, (3.4)

where © = eV/KT and V,, is AC excitation amplitude.

The predicted linewidth of y and ¢ at half maximum is 5.4k7T and 1.22eV,,. Hence, the
two broadening factor requires the measurement should be performed at cryogenic temper-
ature and low AC excitation. During the measurement, the AC excitation is minimized and
thus can be ignored. In the case that we need to explicitly determine the peak width and
intrinsic integrated intensity, it is therefore necessary to remove the thermal broadening

component to extract the intrinsic IETS peak properties[97]:
d*I/dV* = D(V) x x(V) (3.5)

where D(V') represents the intrinsic IETS signal and * stands for convolution operator.

This data analysis is utilized in Chapter 7.

3.3 Tunneling Heterostructure Fabrication

Since the discovery of graphene, a few innovative approaches (Al,O3 method[10], gold
method[9%], liquid method[99]) for obtaining thin flakes of 2D materials have been devel-
oped, some practical problems could be created, limiting the scope of use; for example,

the surface of flakes is easily contaminated by polymer residue or degraded in the air, or
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the exfoliated flakes can hardly be transferred due to the strong adhesion to substrate.
The traditional method, mechanical exfoliation, is adopted for all crystals discussed in this

thesis with some variations in details.

With an intact bulk crystal with a clean and smooth surface, we attach the crystal
firmly on a Nitto SPV tape for a-RuCl; or Scotch tape for other 2D crystals. In each time
of folding the tape, due to the extremely weak van der Waals bonds between layers, each
crystal piece is cleaved into two pieces on two sides of the tape. The resulting tape with
exfoliated graphite is shown in Figure 3.5 a. Such process typically should be repeated 4-5
times. One thing to be noted is that for the air-sensitive crystals, such as Crls, the whole

exfoliation necessitates the use of glovebox filled with inert gas (N, or Argon).

Then the next step is to obtain and transfer thin nanoflakes from these thick pieces on
tapes to SiO,/Si substrate. Empirically, we have two options, as shown in the Figure 3.5

b, for various crystals we use:

1. For CrBrs and CrCls, we exfoliate these thin bulk pieces on a polydimethylsiloxane
(PDMS) block and flakes can be obtained on PDMS. Then attach the side with flakes
on substrates and slowly peel the PDMS off, during which part of flakes could be

transferred.

2. For graphene, h-BN, Crl3, and a-RuCls, we directly attach the tape with crystals
on clean SiO4/Si substrates with a gentle press for better contact. Then slowly peel
off the tape, at the moment that some flakes are exfoliated from the tape due to the
adhesion of the substrate. For Crls, and a-RuCls, we find that it is more efficient to

leave the tape on substrates over 24 hours and then quickly peel off the tape.
Eventually, we obtain flakes on silicon chips with thickness ranging from monolayer to

microns. By distinguishing different optical contrast with an optical microscope, we can

identify these flakes with different thickness, especially lower than five atomic layers.
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To assemble these flakes into a heterostructure, these flakes need to be picked up and
stacked together from top to bottom by using a dry method, requiring the use of polycar-
bonate (PC) film. A piece of 5 mm x 5 mm PC film is mounted at end of a glass slide with
a small PDMS block of ~ 2 mm x 2 mm x 1 mm beneath at center. The four edges of the
PC film are fixed by Scotch tapes. The inserted PDMS block lifts up the PC film, allowing
a uniform contact between flakes and PC film. A schematic picture and an example of the

assembly are shown in Figure 3.5 ¢ and d.

Then the prepared “pick-up” tool is mounted on an X-Y-Z motorized translation stage
with precision less than 1 um (Figure 3.5 e). Since both PC and PDMS are transparent,
we can align the target flake with the next one. During the pick-up process (Figure 3.5
f), the PC film is softened at ~ 90 °C and conform with the target flake on substrate. As
cooled to ~ 60 °C, the flake can be easily picked up due to van der Waals forces between
the flat surfaces. Once the desired stack is finished, the whole structure is transferred to
a pre-patterned electrode by melting the PC film at ~ 150 °C. At such high temperature,
the film should be delaminated from the PDMS block, and the device is in contact with the
electrodes and SiO, substrate with the PC film capped on. Lastly, the PC film is supposed

to be removed by dipping the substrate in chloroform for 60 seconds.

Compare with wet methods[100], the dry method introduces minor residue at the in-
terface and quality of van der Waals structure is largely improved as surface of each flake

only contacts with other 2D material in this process.
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Figure 3.5: Device fabrication. (a) An example exfoliation for graphite. (b) Two ways
for exfoliation onto SiO,/Si substrate. (c¢) “Pick-up” tool. Upper panel: sideview of the
“pick-up” tool. The PC film is fixed by a piece of tape with a square hole at center. Lower
panel: bird’s-eye view of the tool. The PDMS block is beneath the PC film (d) An example
of the “pick-up” tool. The PDMS bock is ~ 2 mm by 2 mm, barely seen in the image.
(e) The assembly setup consisting of a microscope, a heating stage and a x-y-z controlled
motorized manipulator. The “pick-up” tool is fixed on the manipulator. (f) Schematic of

the pick-up process.
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Chapter 4

Large Magnetoresistance in a
Magnetic van der Waals

Heterostructure

In the above chapters, we briefly describe the unique 2D magnetism for Crls: antiferro-
magnetic interlayer coupling and ferromagnetic intralayer conpling with out-of-plane easy
axis. In this chapter, relying on the remarked properties, we present new opportunities for

spintronics incorporating magnetic 2D materials.

In this work, we demonstrate a tunnel junction heterostructure consisting of magnetic
semiconductor, Crls, sandwiched between few-layer graphene electrodes and sealed with
h-BN. Under voltage biasing, we observe a negative magnetoresistance close to one mil-
lion percent at low temperature under an applied field of ~ 2 T, a value on par with
that of colossal magnetoresistance (CMR) in the manganites[101, 102]. We attribute the
cause to the spin-filtering effect arising from full polarization of spins in the magnetic
semiconductor[103, 93], and experimentally determine the exchange gap through magne-

totransport measurements.

This chapter is based on our published work in Nano Letters[101] with modifications.
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4.1 Van der Waals Tunnel Junction

In Figure 4.1 a, we show a schematic illustration of the device. Within a nitrogen-filled
glovebox, thin Crlz was electrically contacted above and below by few-layer graphene and
fully encapsulated with h-BN to prevent reactions with the ambient environment. An
optical image of the finished device is shown in Figure 4.1 b. We confirmed that our Crlg
bulk crystal has similar properties with previous reports (Figure 4.2)[20, 30]. Figure 4.2
a and b show ferromagnetic behaviour with magnetic anisotropy as large as ~ 3 T. The
kinks and peaks in the parts ¢ and d correspond to Curie temperature for bulk crystals,
~ 61 K. The assembly and fabrication procedure are described in greater detail in Section
3.3.

a ,’III’ ,

Wéﬂ er Crl3
4 v
784 é

Figure 4.1: Vertical van der Waals heterojunction device incorporating magnetic Crlz. (a)
Schematic illustration of the device. (b) Optical image of device with 10-layer-thick Crl
before covering with top h-BN. Inset shows transmission optical microscope image of Crls

flake. Scale bars: 5 pm.
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Figure 4.2: Magnetization of bulk crystal vs. magnetic field for (a) B_Lab and (b) B|lab.
Temperature-dependent magnetization for (¢) B_Lab and (d) B||ab.

Since Crl3 is an intrinsic semiconductor[105, 89], we expect conduction to occur primar-
ily via tunneling in thin samples. We have measured the resistance-area product at room
temperature and low bias (V¢ = 4 mV) for several such devices consisting of different Crl;
thicknesses and the results are plotted in Figure 4.3 a. The resistance initially increases
exponentially with thickness, indicative of quantum tunneling across the Crlz layers. Most
of the following data were taken from the 10-layer-thick sample, although similar features
were also seen in other thicknesses (8 layers and 14 layers). The temperature dependence

of the low-bias resistance follows Arrhenius behavior down to ~ 160 K, yielding a band gap
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of 322 meV, below which the current becomes too small to measure with our instruments
(Figure 4.4). In Figure 4.3 b, we show full current—voltage characteristics as a function of
temperature. Current increases nonlinearly with increasing bias, as expected for a tunnel

junction[106]. Overall, the effect of increasing temperature is to lower the voltage needed

to achieve a certain current level.
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Figure 4.3: Quantum tunneling across the Crly layers. (a) A reanormalized junction

resistance vs Crl thickness at 293 K. (b) Current vs voltage at different temperatures
(100, 80, 70, 60, 50, 40, 30, 20, and 1.4 K in sequence from left) of a 10-layer Crlz junction.
(c) Current vs magnetic field at 0.4 V at 1.4 K.
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Figure 4.4: In(conductance) vs. 1/T of 21-layer Crl; device measured by lock-in with V 4¢
=4 mV, 17 Hz excitation. The conductance follows an Arrhenius trend from 294 K to 160

K, with gap 322 meV.

The current rises dramatically under a magnetic field at low temperature. In the Figure
4.3 ¢, we show current as a function of field applied both perpendicular and parallel to the
Crls layers. For the former, current rises in discrete steps and at ~ 2 T saturates to a value
over 4 orders of magnitude larger than that at zero field, while for the latter it increases
continuously without saturation up to 5.5 T. This change is remarkable and is the central
finding of this work.

I(B)_Imin

Imin

Defining the magnetoresistance percentage at constant voltage to be M R(%) = X
100%[93], we find that the effect is 4 orders of magnitude larger than giant magnetoresis-
tance (GMR) observed in Co/Cu magnetic multilayers[107] and on par with CMR in the
mixed-valence manganites[103, 30]. Due to the nonlinearity of current—voltage character-
istics, MR changes as a function of applied voltage bias. At the bias voltage where MR is

maximum, the minimum current measured close to zero field is typically several pA in our
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devices, higher than both the noise and zero current level of our instrument. To check this,
we measured current at several different voltages, and the results for the 8-layer device are
shown below in Figure 4.5 a. At 0.31 V, where MR reaches nearly 10% (Figure 4.5 b),
L,in is well-defined at ~ 5.5 pA.

a T T . b 10" F : : : -

6L 0.31vV 4 — 8 layers
- —— 10 layers
6

S5k 8 107 ¢ —— 14 layers E
= — BLlab=55T
< 41 i \O
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Figure 4.5: Tunneling magnetoresistance of few-layer Crls. (a) Accuracy of small current
measurements of 8-layer Crlz device at 1.4 K. (b) MR at 5.5 T versus voltage for the three
Crls devices. The non-monotonic behavior can be understood as follows. At low bias, both
I(5.5 T) and I,,;, are below the noise level. Increasing voltage, I(5.5 T) increases above
the noise while L,,,;,, remains at the noise level, giving increasing MR. When both currents
exceed the noise, MR decreases with voltage as expected for Fowler-Nordheim tunneling

(see discussion below).

In Figure 4.5 b, we show the nonmonotonic dependence of MR on applied voltage for
8-, 10- and 14-layer-thick Crl;. We see that over a broad range, the MR exceeds 10*%. In a
narrower voltage range, the MR almost reaches 10%. There is also noticeable asymmetry
between positive and negative voltage. While we are unclear as to the nature of this effect,

we note that there is an inherent asymmetry built into the device geometry as the top and
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bottom graphite layers are not identical.

4.2 Origin of the Large Magnetoresistance Effect

Our remaining discussion is focused on understanding the origin of this very large magne-

toresistance effect as well as its implications on the nature of magnetism in 2D Crl;.

We first measured the current—voltage dependence under different magnetic fields at
low temperature, and the results are plotted in the main panels of Figure 4.6 a and b,
for perpendicular and parallel field configurations, respectively. We observe that, similar
to increasing temperature, in both cases increasing field lowers the voltage necessary to
achieve a given current level. The large rise in current thus results from this shift in
conjunction with the highly nonlinear current—voltage characteristics of the junction. The
difference between the two field orientations is captured in the insets, which show the
measured voltage at 100 nA current as a function of field intensity. The voltage decreases
discretely (continuously) for perpendicular (parallel) field, consistent with the results of
Figure 4.3 c. We note that due to the device nonlinearity, the very large MR values can

only be achieved under constant voltage (and not constant current) biasing conditions.

We have performed similar measurements at different temperatures and the results
are shown in Figure 4.6 ¢ (perpendicular field) and d (parallel field). At zero field, the
temperature-dependent voltage measured for 100 nA current exhibits a marked kink at
T* ~ 46 K, below which it rises more steeply. We have observed this kink in other devices
as well consisting of 14 and 20 Crlz layers—the kink temperature increases slightly with
thickness (Figure 4.7).

This trend is consistent with the theoretically predicted 3D-to-2D transition for Curie
temperature in Ising model, as mentioned in Section 1.2. As discussed later, we assign
this temperature to be the onset of in-plane ferromagnetism in thin Crlz, above which
the sample behaves as an isotropic spin paramagnet. For the junction device, applying

field suppresses the voltage, with the largest effect seen at low temperature. This change

39



gradually disappears above T™* for either field direction. The very large negative magne-

toresistance observed is thus intimately tied to the formation of the 2D magnetic state.
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Figure 4.6: Field- and temperature-dependent transport measurements. (a) Current vs
voltage at 1.4 K for different BLab (0, 1, 2, and 2.5 T, in sequence from right) (b) Same
for Bllab (from right: 0 and 1 T to 5.5 T with 0.5 T steps). Insets show voltage vs B
for the two field orientations at 100 nA. (c¢) Temperature-dependent voltage (left axis) for

same B_lLab above. (d) Same for Blab.
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Figure 4.7: Normalized voltage vs. temperature plot of three Crl; devices taken at zero

field and 100 nA current biasing. Inset shows T™ vs. thickness.

4.3 Magnetic Anisotropy of Few-Layer Crl;

The key to understanding this phase lies in the field anisotropy of magnetoresistance. In the
main panels of Figure 4.8 a and b, we show slow (0.2 T /min) field sweeps of voltage taken
at different temperatures for perpendicular and parallel field orientations, respectively. At
low temperature, the former shows a series of abrupt jumps at low field as well as marked
hysteresis between different sweep directions. The effect of hysteresis is highlighted in the
inset of Figure 4.8 a, which shows a zoom-in of the 1.4 K data around zero field. We
also observed similar effects in other samples, and the jumps in 14-layer Crls device are
highlighted in the main panel of Figure 4.8 c. Above ~ 2 T, the voltage saturates to a
field independent value of ~ 0.5 V. As the temperature is increased above 7™, both the

hysteresis and the jumps disappear, while the magnetoresistance decreases substantially.
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Figure 4.8: Magnetoresistance anisotropy and domain flipping in thin Crlz. (a) Voltage
vs B_Lab sweep for 10-layer Crlz device at different temperatures (1.4, 20, 30, 40, 50, 60,
and 70 K, in sequence from top); (b) Same for B|lab. Inset in part a shows zoom-in of
1.4 K data. (¢) V vs BLab showing many abrupt jumps for 14-layer Crlz device indicated
by red arrows. Insets shows the total number of jumps vs the number of Crl; layers. (d)
Left: comparison of V vs B sweeps at 100 nA for two field orientations at two different
temperature conditions (1.4 and 70 K). Right: magnetoresistance anisotropy at 2.5 T vs

temperature.
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For a given temperature, the overall magnetoresistance change for parallel field is qual-
itatively similar, except hysteresis and abrupt jumps are never observed. Furthermore, at
low temperature, the necessary field in order to achieve the same voltage change is sig-
nificantly higher (~ 5.5 T for ~ 0.5 V at 1.4 K). Compared with perpendicular field, the
larger saturation field in ab plane displays a rather large magnetic anisotropy in ultrathin
Crl; below T™.

Interestingly, the two voltage curves become nearly identical at high temperature,

as evident from the left panel of Figure 4.8 d. In the right panel, we have plotted the
. . V(B))-V(B.1)

temperature-dependent magnetoresistance anisotropy, defined by VBV BL)E X 100%,

evaluated at 100 nA current and 2.5 T field. The anisotropy is nearly zero above T* and

increases considerably below. Taken together, the results from Figure 4.8 indicate that

thin Crlz behaves as an isotropic paramagnet above this critical temperature.

4.4 Spin-Filtering Model

The hysteresis and jumps observed below 7™ for perpendicular field are suggestive of do-
main flips analogous to the Barkhausen effect[109]. Indeed, magneto-optical measurements
by Zhong et al. on Crls flakes of comparable thickness report complex domain dynamics
within a similar field range[!10]. One possibility is that the different layers are coupled
ferromagnetically and all flip spin within a given domain. In this case, lateral transport
may be very sensitive to spin flip scattering at the domain walls. Since we measure vertical
transport across the Crls layers, however, we expect magnetoresistance from this change to
be small. Alternatively, it is possible for the spins to flip layer by layer[l11]. The resistance
of such as state would thus depend sensitively on the relative spin orientation of adjacent
layers[93, |. We have measured the number of jumps for junctions with different Crls
thickness, and we observe a larger number of jumps for thicker samples (see Figure 4.8 c,

inset), which would further substantiate the latter scenario.

We thus propose the following model to account for the very large tunnel magnetoresis-
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tance observed in our devices at low temperature, which is shown schematically in Figure
4.9 a—c. In the paramagnetic phase above T™, carriers encounter a spin-degenerate tun-
nel barrier, ®py, (dotted black line in Figure 4.9 c), from semiconducting Crl;. Below
T*, the spins on each layer Crlz layer spontaneously polarize along the out-of-plane (easy
axis) direction. In contrast with bulk crystals, thin Crl; exhibits antiferromagnetic (AFM)
coupling between layers in the absence of field, yielding net zero moment. Such a state
has been observed previously for bilayer samples[20, ]. The result is a spin modulated
tunnel barrier, whose relatively large, effective barrier height, ® 4y, is marked by the

dotted blue line in Figure 4.9 c.

Under a perpendicular field, the spins flip layer by layer, causing jumps in the magne-
toresistance until an interlayer ferromagnetic (FM) state is reached at ~ 2 T. We note that
this field is larger than the saturation field in bulk Crls, possibility due to different inter-
layer magnetic interactions in the two systems. The FM state has a conduction band that
is spin-split by the exchange interaction uniformly across all the layers. This spin-filtering
state has the smallest tunnel barrier, ®rj;, compared to both the PM and AFM barriers,
and so also shows the smallest resistance. It shares similar properties with FM tunnel
barriers EuO and EuS under zero-field conditions[103, 113]. Under an in-plane field, the
antiparallel spins in the AFM state cant continuously until a fully in-plane polarized state

is reached at ~ 5.5 T with similarly low resistance.
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Figure 4.9: Interlayer spin coupling and origin of very large negative magnetoresistance.
(a) Proposed transition mechanism from interlayer AFM to FM spin state with B_Lab
and (b) B|lab. (c) Schematic energy diagrams with AFM barrier (top) and FM barrier
(bottom) under Fowler-Nordheim tunneling. PM barrier is shown by black dashed line.

The barrier heights as well as the magnitude of the exchange gap between up and down
spins can be approximated by fitting to transport described by Fowler-Nordheim tunneling
(Equation 3.2)[113, 114], wherein ® is the barrier height between the few-layer graphene

injector and Crls (averaged over several layers).
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Figure 4.10: Energy barriers and exchange splitting extracted from Fowler—-Nordheim tun-
neling. (a) In % versus V' plot in three magnetic states and slope (marked by dashed
red line) used to extract the height of the tunnel barrier. AFM, PM, and FM states were
measured at 0 T at 1.4 K, 0 T at 49 K, and BLab = 2.5 T at 1.4 K, respectively. (b)
Thickness dependence of AFM, FM, and PM barrier height values (left axis) and deduced
exchange splitting gap (right axis). (c¢) Exchange gap of 10-layer Crlz vs temperature.

We have plotted ln% vs V1 in Figure 4.10 a and extracted ® from the negative
linear slope (marked by dashed red line) for the AFM state at zero field (1.4 K), PM
state at 49 K (0 T), and FM state at BLab = 2.5 T (1.4 K). ®4pp (Pras) is larger
(smaller) than ®py,. We then estimate the exchange splitting as Ee, = 2(®Pppy—Ppar)[115].
In Figure 4.10 b, we plotted the different barrier heights and E., for three devices of
different Crlj thickness. The deduced splitting is comparable to the spin gap value obtained
from bandstructure calculations for the conduction band[102, , 93], and shows a small
decrease with decreasing number of layers, which could explain why 7™ is slightly reduced
from TP“* . We have also measured ® 5, for several different temperatures, which allows

the exchange gap to be determined as a function of temperature. As shown in 4.10 ¢, E,,
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decreases sharply when the temperature approaches T™.
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Chapter 5

Interlayer Magnetism in Few-Layer
Chromium Trihalides

Inspired by the results in Chapter 4, we conduct a systematic study on the three chromium
trihalides for interlayer magnetism. We find that the interlayer magnetic ordering, exchange

gap and magnetic anisotropy evolve systematically with changing halogen atom.

This chapter is based on our published work in PNAS[!116] with modifications.

5.1 Van der Waals Tunnel Junctions

Due to the extreme sensitivity of tunnel magnetoresistance to interlayer magnetic order[1 17,
, 104, 118, 119, 115], similar to the design in Figure 4.1, we fabricated graphite/CrXs/graphite

tunnel junctions that are fully encapsulated by h-BN for studying the interlayer coupling

for three three van der Waals magnetic materials. A schematic illustration and an optical

image of our devices are shown in Figure 5.1 a and b, and the detailed fabrication can be

found in Section 3.3. In brief, we exfoliated CrX3 within a nitrogen-filled glove box and

stacked them between top and bottom graphite electrodes before encapsulation by h-BN

on both sides.
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Figure 5.1: Magnetic van der Waals tunnel junction incorporating ultrathin chromium

trihalides. (a) Schematic illustration of the device. (b) Optical image of a 2L Crls device.

In Figure 5.2, we show nonlinear current-voltage behavior characteristics of few-layer
and bilayer CrX3 magnetic tunnel junctions. Bilayer devices exhibit nearly Ohmic behav-
ior in Crlz and CrBrs, indicating that direct tunneling is dominant rather than Fowler-
Nordheim tunneling. Since the bandgap is expected to be large in CrClz, we could still
measure FN tunneling starting from ~ 1 V. Due to this effect, clear spin-filtering can still
be observed in 2L CrCl; devices, but not in 2L Crlz or 2L CrBrs.
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Figure 5.2: Low-temperature I-V measurement of (a) few-layer CrXs (8L Crls, 8L CrBrs,

and 15L CrCls) and (b) 2L CrXs.

5.2 Interlayer Magnetism

We begin with temperature-dependent transport behavior under zero magnetic field. In
Figure 5.2, we show junction resistance vs. temperature upon cooling for three represen-
tative devices incorporating the three different trihalides. Their thicknesses measured by
atomic force microscopy are Crls, 5.6 nm; CrBr3, 5.2 nm; and CrCls, 9 nm. For easy
comparison, the resistances have been normalized by their minimum and maximum values
and range between 0 and 1. A marked kink is observed in all devices (Crlsz, 46 K; CrBrs,

37 K; and CrCls, 17 K), close to their respective bulk magnetic transition temperatures
(Crls, 61 K[36]; CrBrs, 37 K[52]; and CrCls, 17 K[53]).
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For magnetic tunnel barriers, it has been found that the resistance either decreases
or increases abruptly below the critical temperature, depending on whether the magnetic
ordering is FM or AFM, respectively[l 19, , 103]. As shown in Chapter 4, this is caused
by a spin-filtering effect[119, 93], which effectively lowers (raises) the spin-dependent tunnel
barrier upon exchange splitting in the FM (AFM) state. A schematic of this effect is
shown in the inset of Figure 5.3. Our devices consist of layered magnetic semiconductors
in a vertical transport geometry, and therefore we expect our measurements to be most
sensitive to the interlayer magnetic ordering of the few-layer samples. We thus assert that
CrClz and Crlj exhibit interlayer AFM coupling in their ground state, while CrBrsg shows
interlayer FM coupling. For CrCl; and CrBrs, this is consistent with measurements of the

bulk crystal, while those for Crl; indicate the opposite (FM coupling)[30].

Normalized R

10 20 30 40 50 60 70
T(K)

Figure 5.3: Normalized temperature-dependent DC resistance of CrX; (X = I, Br, and Cl)
at constant current of 0.1 nA. Insets show schematics of the spin-dependent tunnel barrier
for AFM and FM interlayer coupling. Red and blue arrows indicate spin orientation and

are used throughout.
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We would like to understand whether the observed interlayer magnetic ordering per-
sists down to the ultimate limit of two atomic layers; however, the resistance kink in the
temperature dependence is less apparent for thinner samples, due to a smaller spin-filtering
effect.

We therefore turn to the magnetic field dependence. Here, ground-state AFM and
FM ordering will yield different magnetoresistance behaviors. In Figure 5.4, we show
resistance vs. B, (field perpendicular to the layers) at several different temperatures for
the three bilayer (2L) CrXs devices. In general, the tunneling resistance is smallest when
spins in adjacent layers are parallel. First, for 2L Crlz at low temperature (Figure 5.4
a), the resistance decreases abruptly when the field exceeds ~ 0.75 T, indicating a spin-
flip transition from the AFM ground state (antiparallel out-of-plane) to a parallel spin
state at higher field. This resistance change decreases with increasing temperature until
it completely disappears above the magnetic transition temperature. These observations
are consistent with previous findings. In comparison, the resistance of 2L CrCls also
decreases substantially with field (Figure 5.4 ¢), reflecting that the layers are AFM coupled
at zero field. The resistance evolves continuously, however, as spins point in-plane in
the ground state and gradually rotate with out-of-plane field. The easy axis of CrCl;s
will be characterized and discussed in more detail later. Finally, for 2L. CrBrs, the low-
temperature resistance is unchanged with field (Figure 5.4 b), since a spin-parallel FM
state has naturally formed and states with both layers spin up or down would show no

difference in resistance.
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Figure 5.4: Tunneling probe of interlayer magnetic coupling in 2L. CrXj. Resistance vs.
B, of (a) 2L Crlz taken at 10, 20, 30, 40, and 50 K, in sequence from blue to red; (b) 2L
CrBrs at 1.4 K; and (c) 2L CrCls at 1.4, 10, 20, 30, and 40 K, in sequence from blue to
red.
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To confirm this scenario, we have further performed magnetic circular dichroism (MCD)
measurements’ on another 2L CrBrs sample (Figure 5.5). Since the MCD signal is pro-
portional to total out-of-plane magnetization, it can resolve the difference between these
two spin states with degenerate resistance. At low temperature, a finite magnetization is
observed at zero field with hysteresis between field sweep up or down, corresponding to
switching of the total spin direction of the FM coupled layers. In contrast, 2L, Crls shows
no net magnetization at zero field as the layers are AFM coupled[20, , , , ].

The critical coercive field needed to flip the spin polarization is also much smaller for CrBr;
(10 mT at 5 K).

40 20 0 20 40
B (mT)

Figure 5.5: Low-temperature MCD vs. B, for 1L, 2L, and 3L CrBrj3 at 5K.

!The magnetization of h-BN-encapsulated few-layer CrBrs was characterized by magnetic circular
dichroism microscopy in a superconducting magnet He-4 cryostat (AttoDry1000) with out-of-plane mag-
netic field. A diode laser at 405 nm with an optical power of ~10 W was focused onto a submicron spot
on the flakes using an objective with numerical aperture 0.8. The optical excitation was modulated by a
photoelastic modulator at 50 kHz for left and right circular polarization. The laser reflected from CrBrg
was collected by the same objective and then detected by a photodiode. The MCD signal is defined as the
ratio of the modulated signal (measured by a lock-in amplifier) to the total reflected light power (measured
by a DC voltmeter).
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We have further performed MCD measurements on 1L, 2L, and 3L CrBr; at several dif-
ferent temperatures and observed similar behavior, shown in Figure 5.6. The temperature
at which the hysteresis disappears is estimated to be 27, 36, and 37 K for 1L, 2L, and
3L, respectively. Interestingly, this transition temperature is not much decreased down to

monolayer, compared to the one for bulk.
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Figure 5.6: MCD measurements on CrBr3 of different thicknesses. (a-c) Magnetic circu-
lar dichroism (MCD vs B, ) measurements on 1L, 2L, and 3L CrBr;. (d) Temperature-

dependent normalized MCD at zero field, M C Dy (T)/MC D+ (5K), for 1L, 2L, and 3L
CrBrs.
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5.3 In-Plane Magnetic Anisotropy

In addition to interlayer magnetic coupling, we would also like to understand the in-plane
magnetic anisotropy of all three 2D compounds in greater detail. We begin with com-
paring the difference in magnetoresistance behaviors between perpendicular and parallel
field configurations for the few-layer devices at low temperature (Figure 5.7 a and c). For
Crls, the critical field needed to fully polarize all of the spins in-plane is 3 times larger
than that out-of-plane (Bﬁ =~ 6.5 T > B{ =~2 T). In contrast, the out-of-plane critical
field is slightly larger in CrClg (Bﬁ =~ 2T 5 B =~ 24 T). For CrBrs, however, mag-
netic anisotropy cannot be directly determined by magnetoresistance, since interlayer FM
coupling results in nearly constant resistance independent of field orientation. Instead, we
compared the MCD response of few-layer CrBrs for out-of-plane and in-plane field and
obtained B =~ 0.44 T > B{ =~ 0.004 T (Figure 5.7 b). The layer dependence of the
critical fields is summarized in Figure 5.8. These results clearly indicate that the magnetic

anisotropy changes with changing halogen atom.
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Figure 5.7: Magnetic anisotropy in few-layer CrXs3. Comparison of magnetoresistance (1
nA current biasing at 1.4 K) of (a) 8L Crl3 and (c) 15L CrCl; for perpendicular and parallel
magnetic field directions. (b) [IMCD| vs. B of 3L CrBrj at 1.6 K for the two field directions.
Insets in (a) and (c¢) show angle-dependent, normalized tunneling current (voltage biasing,

0.5 V for Crls, and 5.7 V for CrCls) at 2 T.
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Figure 5.8: Critical field (B¢) of CrX3 as a function of the number of layers along with easy
axis. Crls and CrBrs were measured with perpendicular field and CrCl; was measured with
parallel field. It is noted that critical fields for Crlz and CrCls above 2L show relatively
higher values due to the interlayer AFM coupling.

We have further measured the full angular dependence of the tunneling current at 2 T
for few-layer Crlz and CrCls (Figure 5.7, inset). The results show that Crls exhibits the
behavior of a highly anisotropic, Ising-type spin system with out-of-plane easy axis. A 2
T field applied closely perpendicular to the layers fully polarizes the spins to establish a
more conductive state, while the same field applied in-plane only slightly cants the spins
to establish a small parallel component. While the easy axis of CrBrs is also out-of-plane,
the system shows reduced anisotropy in comparison and is closer to Heisenberg. Finally,
the easy axis of CrClj is in-plane with small anisotropy—it requires a slightly smaller field
to rotate the spins within the plane than it does to fully cant them perpendicular, which

suggests a weak XY spin model.
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5.4 Exchange Splitting

With the understanding of interlayer coupling, we have measured the low-temperature,

exchange gap splitting of the band structure E., in few-layer samples.

In the top panel of Figure 5.9 a, we show how to deduce the exchange energy gap from
the current-voltage characteristics. As described in Chapter 4, the spin-slitting energy gap
(Eez) can be approximated by taking barrier height difference between fully polarized (P)
state and paramagnetic state (PM), E., = 2(®py—Pp). Barrier height is calculated in

Fowler-Nordheim regime|[1 1] using the current-voltage relation in Equation 3.2.

In the bottom panel of Figure 5.9 a, we plot representative In(J/E?) versus E~! for a
representative 10-layer Crls in both the PM state (at 49 K with B=0) and fully polarized
state (at 1.4 K with B, = 5.5 T). We found that the negative slope proportional to ®3/2
becomes flatter from PM to fully parallel state. As shown in Figure 5.9, the splitting
energies of few-layer CrXjs are estimated to be Crly ~ 136 meV, CrBry ~ 122 meV, and
CrCl3 ~ 68 meV. While these values are slightly smaller than those from bandstructure
calculations[105], the trend with changing halogen size is consistent. At the same time, we
also observed different initial barrier heights in PM state (~ 227 meV in Crlj, ~ 538meV in
CrBrs, and ~ 943 meV in CrCls), which is consistent with calculations showing increasing
bandgap with decreasing halogen atom size[l05]. Among the three CrXj, Crlz exhibits
the largest exchange splitting gap, which can be explained by a stronger intralayer Cr-Cr

superexchange.
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Figure 5.9: Magnetic exchange splitting gap of few-layer CrXs. (a) Top: a schematic illus-
tration of band structure for the calculation of splitting energy gap (Eep = 2(Ppr—Pp)).
Bottom: In(J/E?) versus E~! plot of 10-layer Crlz at two different conditions (gray: 49
K without field, black: 1.4 K with B L ab = 5.5 T). (b) ®py; and ®p for 10L Crlz, 10L
CrBrs, and 121 CrCl3 and deduced exchange splitting gap at 1.4 K.
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Chapter 6

Magnetic Excitation in 2D
Chromium Trihalides

In Chapter 5, the interalyer couplings for three chromium thihalides have been systemati-
cally studied. In this chapter, with the same tunneling structures, we study the magnetic
excitations for the three chomium trihalides using inelastic electron tunneling. By fitting
to a spin wave theory that accounts for nearest-neighbor exchange interactions, we are able

to determine a simple spin Hamiltonian describing all three systems.

This chapter is based on our published work in PNAS[!16] with modifications.

6.1 Microscopic Picture

These observed differences in magnetic properties among the three chromium trihalides
in Chapter 5 motivate a detailed microscopic understanding of the spin Hamiltonian for
all three 2D systems, which can be extracted through observation of their excitations
(magnons) at low junction biases. Toward this end, we have measured the AC conductance
(dI/dV') vs. DC voltage V of all three 2L devices using standard lock-in methods (Figure
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6.1). The conductance abruptly increases when the voltage reaches a magnon energy, due
to the opening of an additional inelastic scattering channel[96, 122, 122]. The magnon

energies can then be seen as peaks in the | d*I/dV? | spectrum.
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Figure 6.1: IETS for bilayer CrX; at 2 K. The AC conductance (G, dI/dV') vs DC voltage
of (a) 2L Crl3, (b) 2L CrBrs, and (c) 2L CrCls. The derivative | d*I/dV? | is shown in
blue solid line. Conductance at each DC voltage is measured with 100 4V AC excitation
voltage.

In Figure 6.2, we show, as a color plot, the evolution of | d?1/dV? | vs. V with magnetic
field along the hard axis for all three 2L trihalides, and similar data along the easy axis
are shown in Figure 6.3. In each case, at least two magnon modes can be seen dispersing
with field. This is consistent with the underlying honeycomb lattice, which gives rise to
two magnon energy branches in momentum space[l23]. The magnon density is largest at

the M point. The observation of additional peaks indicates that we are resolving magnons

with different momenta.
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Figure 6.2: Inelastic tunneling spectroscopy of magnons in 2L CrX3 with magnetic field
along the hard axis. (a) Field-dependent | d>I/dV? | vs. voltage for 2. CrX3 at 0.3 K and
(b) Calculated magnon energies for 1L CrX; with magnetic field applied along the hard

axis. Magnon peaks in a are partially guided by dashed lines.
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Figure 6.3: Inelastic tunneling spectroscopy of magnons in 2L, CrX3 with magnetic field
along the easy axis. (a) Field-dependent | d*I/dV? | vs. voltage for 2L CrX3 at 0.3 K and
(b) Calculated magnon energies for 1L CrX3 with magnetic field applied along the easy

axis. Magnon peaks in a are partially guided by dashed lines.

The observed magnon energies can be largely understood by considering only the in-
tralayer magnetic interaction within a single layer. To estimate the effect of interlayer
coupling, we note that the easy axis critical field for both Crls and CrCl; (~ 2 T for
few-layer) decreases substantially with reduced thickness (Figure 5.8). In particular, it is
~ 0.1 T for 1L Crl3[20]. This indicates that 2 T (or 0.2 meV for g factor = 2) is the energy
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required to overcome the interlayer AFM coupling for these materials. In contrast, B
maintains a small and nearly thickness-independent value for CrBrs, which shows inter-
layer FM coupling. This energy scale is an order of magnitude smaller than the observed

magnon energies, and so interlayer coupling should only play a perturbative role.

The minimal model to describe ferromagnetism in a single layer of CrXjs is the 2D

anisotropic Heisenberg model, described by the Hamiltonian (similar to Equation 2.1)

H=—JY (8;S+5YS! + aSiSy) (6.1)

<iyj>
where Siz(%’z) is the spin operator along the x(y,z) direction at the Cr3* site i(j), J is
the exchange coupling constant, « is the exchange anisotropy, and < i,j > denotes the
approximation of the nearest-neighbor exchange coupling. By convention, z is chosen as
the direction perpendicular to the layers and J > 0 for ferromagnetism. The application
of a magnetic field contributes an additional Zeeman term —gupB ), S; along the same

spin direction.

We have performed a full spin wave analysis for monolayer CrX3 based on the above
Hamiltonian on the honeycomb lattice (see Section 6.3). The results are shown in Figure
6.2 b and Figure 6.3 b. At zero field, the I' and M point magnons have energies 'y =
(9/2)J(ac £ 1) and My = (3/2)J(3a £ 1). For a of order unity, I'_ ~ 0 and M, ~ 2M_,
restricting the magnon assignments in our data. For Crl; and CrCls, the most intense
peaks are M, and M_ modes, while the highest energy mode for CrBrj is assigned to
be I'y, although M, is also faintly visible for positive voltage. We note that, for Crls,
this magnon assignment is consistent with a recent neutron scattering study of the bulk
crystal[124], which shows comparable magnon energies (~ 9 and ~ 15 meV) at the M point.
At other momenta, it may be important to also consider second and third nearest-neighbor

terms in the spin Hamiltonian.

When the field is applied along the easy axis (B, for Crl and CrBrs, and B for CrCly),
all magnon energies increase linearly with field with slope gug. We obtain an average g

factor of 2.2 between three materials. For field applied in the transverse direction (B for
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Crl; and CrBrs, and B, for CrCly), the system undergoes a quantum phase transition as
the spins rotate. Here, I'y and M. modes remain nearly constant up to the anisotropy
field, while I"_ gets pushed to zero energy. In Figure 6.2 a, we indeed observe that the M.
peak positions for Crlz do not shift at low fields. To account for the effect of interlayer
coupling, we estimate the anisotropy field, B, for monolayer to be the difference between
the critical fields applied along the hard and easy axes for the 2L devices (B® = 3.63 T
for Crlg; B* = 0.44 T for CrBrs; and B® = 0.23 T for CrClz). At high fields, all mode
energies again increase by the Zeeman shift. The dashed lines in Figure 6.2 a and Figure
6.3 a guide the eye to see this change. This simple model captures the essential features
of the magnon positions and dispersions for all three compounds, indicating that the data
can be largely understood by considering only nearest-neighbor interactions within a single

layer.

Importantly, our analysis allows us to extract both the exchange energy J and exchange
anisotropy « for the 2D trihalides. In Table 6.1, we have summarized these values together
with other key properties measured in this work (Chapter 5). The transition temperature
T,, J, E.;, and « all decrease with smaller halogen atom. The evolving anisotropy changes
the 2D spin class from Ising (a > 1) in CrI; to anisotropic Heisenberg (a £ 1) in CrBrs, and
to weak XY (a 1) in CrCls. Surprisingly, the transition temperature is not substantially
reduced down to 1L for CrBr3y and 2L for CrCls, despite the low anisotropy in these
materials, indicating that strong anisotropy is not necessary to stabilize magnetism in the
2D limit.
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Crls CrBr; CrCly
Interlayer magnetic coupling AFM FM AFM
Few L: 46 (tunneling) | Few L: 37 (tunneling) | Few L: 17 (tunneling)
T., K 2L: 45 (tunneling) 3L: 37 (MCD) 2L: 16 (tunneling)
1L: 45 (MOKE) 2L: 36 (MCD)
1L: 27 (MCD)
E.., meV 136 122 68
J, meV 2.29 1.56 0.92
! 1.04(5) 1.00(8) 0.99(3)
Spin model Ising Anisotropic Heisenberg Weak XY

Table 6.1: Summary of magnetic properties of 2D CrXgs

6.2 Discussion

We now end by discussing two interesting implications of these results. First, we notice
that the transition temperature for 2L CrBrs and CrCl; is already very near that of the
bulk crystal, while that for few-layer Crlz (~ 46 K) is more reduced from the bulk transition
temperature of 61 K. It is possible that changing interlayer magnetism from FM to AFM
also modifies the transition temperature of this material. In contrast, thin CrBrs and
CrCl; have similar interlayer coupling with their bulk counterparts. Second, the existence
and/or nature of magnetism in monolayer CrCl; still remains an open question, as the
2D XY model is not expected to show long-range order at finite temperature. It may be
possible that interlayer AFM coupling plays a nonnegligible role in stabilizing magnetism
in 2Ls, although one cannot strictly rule out other more complex magnetic orders or the
importance of additional in-plane exchange interactions beyond the nearest neighbor. Our

work here paves the way for future studies on these topics.
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6.3 Spin Wave Calculations

In the following, we perform calculations of spin wave dispersions under an external mag-
netic field for monolayer honeycomb magnets CrXs. Our spin Hamiltonian only considers
monolayer spin structure instead of the actual bilayer structure, because interlayer inter-
actions are small compared to intralayer exchange interactions. Although bilayer splitting
modifies the monolayer spin wave dispersions, it seems unnecessary in evaluating intralayer

exchange interactions. We choose the anisotropic Heisenberg spin model below:

H=—J (S'S;+5YSY +aS;S;) — gus(B Z S7 + B. Z S7) (6.2)

<i,J>
where J is the nearest neighbor exchange energy, i and j denote the two inequivalent
Cr®* site, and « scales the z-direction exchange strength. In particular, « is greater than,
equivalent to, or smaller than 1 for Ising, isotropic Heisenberg, or XY magnets, respectively.
g is the g-factor for Cr3* magnetic moments, gup the Bohr magneton, and B is external
magnetic field. Depending on the experimental geometry, either B, or B, is nonzero,

representing the magnetic field perpendicular to or parallel to the plane of CrX; layers.

Without an external magnetic field, the spins in CrXj align either along the z-axis
or in the xy-plane depending on the magnitude of . When an external field is applied
perpendicular to the easy axis or easy plane, it tilts the spins off its original direction, to a
new direction that minimizes the energy for the Hamiltonian above. To keep it general for
all three types of magnets, we characterize the spin orientation by its tilt angle from z axis,
0 For example, § = 0 corresponds to the spins aligning along the z-axis and § = /2 spins
in the xy-plane. _’To determine 6 for a given external magnetic field, a rotation transform is

applied, where S is the spin orientation in the new ground state under the external field:

{ S* = 5% cos(8) + 57 sin(0) (6.3)

5% = —S%sin(6) 4 5% cos()
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After applying Holstein-Primakoff transform for both site i and site 7,

S* =S —a'a
QT(Z
St =25 ( - ﬁ> a (6.4)
— aTa
S =V QSCLT ( — ﬁ)
we arrive at the following Hamiltonian where spin wave interactions are ignored:
H = Heonst + Hy + Hy (65)
Heonst = —SN (J2S (a cos®(0) + sin®(0))) + 2gup (sin(6) B, + cos( )B.) (6.6)

H, = <éJSZ(Oz — 1) sin(20) + gup (sin(f) B, — cos(# ) S/2 a + az> (6.7)

Hy = —%JS (asin®(6) + cos®(6) — 1) Z (ajbj + a;b )
<t,7>
—=JS (asin®(f) + cos*(6) + 1) Z (ajb] + azb;)
Pl (6.8)
+JS(a cos®(6) + sin?) Z (ajai + bjb;)
<ig>
+gpp (sin(f) B, + cos(0)B,) (Z ala; + Z bﬂ)})
i J

where N is the number of sublattices, and z is the number of nearest neighbor spins.
Minimizing H,.,,s the new spin orientation 6 and eliminates H; If B is parallel to the

original spin orientation, the spins remain the same. If B is perpendicular, 6 is a function
of | B|. At low fields,

B,
@ = arcsin %, Bz = 0, a>1 (69)

and 5
0 = arccos %, B,=0,a<1 (6.10)

A critical field strength B, exists above which the spins are completely aligned along the

external field direction.
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To obtain the spin wave dispersions under external magnetic fields, Fourier and Bogoli-

ubov transforms of spin wave operators are applied to Hs. Fourier transform yields

Hy = Z <aLbT_k%k + akbfk’}/k) + Q2 Z (a;tbk’ﬁk + ak@tﬂ%) + Q3 Z <G;T€ak + bkbk>
k k k
(6.11)
aj and by, correspond to the Fourier transformed spin wave operators of real space operators

a; and b;, respectively. Bogoliubov transform for bosonic excitations is then done by

O a_p
_ b_
wT’“ =M | (6.12)
Dy, ay,
v by
Q3—QQoP—P _ Qs=@eP-P _ [7-k 4
Q17k Q1P Tk
Q3+QaP1 =D Q3+Q2P1—P> Tk 1
. Q17 Q1P Vi
M = Q3=QoP1+P _ Q3=-QePi+P _ [7-k (613)
Q17K Q1 Vi
Q3+QaP— Q3+Q2P1— P> 1=k 1
Q17k Q1P Vi

where

Pr= /-
Py =/ Q3 — 2Q:Q:P1 + (Q3 — Q) P} (6.14)
Py = \/Q§+2Q3Q2P1+(Q%_Q%>P12

M is the Bogoliubov transform matrix under which the new operators ¢, and ) satisfy

bosonic commutation relations (up to a normalization factor). Spin wave dispersions as a
function of external field strength are obtained as Fy = P, and Fy = P3. If B is parallel to
the original spin orientation, spin wave energies increase by gu B|§ | If Bis perpendicular,

spin wave energies show an anomaly at B., as shown in Figure 6.2.

For Cr*T, the spin moment has S=3/2. In the honeycomb lattice, the number of nearest

neighbors is z = 3. At large fields, the spin wave energies increase by gugB. g-actor is
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then extracted from the slope of the spin wave energies as a function of external field.
g is taken to be 2.1788, which is the average of the slopes of all three compounds. The
spin wave density of states is high at [' and M point, so that the experimentally observed
peaks are related with two I'-point excitations and two M-point excitations. We use the
transition fields B, from the field dependent tunneling spectroscopy data to find a relation
between J and «, and identify their values fitting the calculated functional forms to the

experimental results.
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Chapter 7

Thickness-Dependent Magnetic

Excitation in a-RuCl;

In this chapter, we shift our focus to another van der Waals magnetic material, a-RuCls,
which possesses more complicated magnetic interactions: Kitaev interaction. The signifi-
cant Kitaev interaction makes a-RuCls a promising candidate to realize Kitaev physics[125,

, |. However, intensive study of 2D magnetism of a-RuClj is still lacking. To study

its exotic intralayer magnetism, IETS, which have been proved to be sensitive to magnon

behaviors, is permformed.

As discussed in Chapter 2, while evidence of this exotic state has been reported under
a modest in-plane magnetic field, such behavior is largely inconsistent with theoretical
expectations of Kitaev phases emerging only in out-of-plane fields. These predicted field-
induced states have been mostly out of reach due to the strong easy-plane anisotropy of
bulk crystals, however. We use a combination of tunneling spectroscopy, magnetotrans-
port, electron diffraction, and ab initio calculations to study the layer-dependent magnons,
anisotropy, structure, and exchange coupling in atomically thin samples. Due to structural
distortions, the sign of the average off-diagonal exchange changes in monolayer a-RuCls,

leading to a reversal of magnetic anisotropy to easy-axis. Our work provides a new avenue
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to tune the magnetic interactions in a-RuCls and allows theoretically predicted quantum
spin liquid phases for out-of-plane fields to be more experimentally accessible. This chapter

is based on our paper currently under revision in Nature Materials with modifications.

7.1 Finding Monolayer a-RuCl;

We start by exfoliating a-RuCl; crystals on oxidized silicon wafers within a nitrogen-filled
glovebox and identifying their thickness by optical reflection contrast. Unlike chromium
trihalides, the color contrast for monolayer and few-layer a-RuClj is rather low. To confirm
that the thinnest flakes are indeed monolayers, we pick up these samples, encapsulate them
with monolayer graphene, and transfer them to 10-nm-thick silicon nitride membranes for
3D electron diffraction measurements (a type of transmission electron microscopy)!. Figure
7.1 a shows an electron diffraction pattern of such a structure. Some of the fundamental
Bragg peaks of a-RuCl; used for determining the monolayer structure are circled, although
the graphene peaks (along the thick gray circle) can be seen as well. Measuring relative to
the graphene peaks, the in-plane lattice constant of our exfoliated a-RuClj is determined
to be 5.9981 — 6.0088 A, which is consistent with the value for the bulk crystal and thus

indicates negligible overall strain[68, 127, 128].

By tilting the sample, our collaborators can measure the diffraction spots as a function

of out-of-plane crystal momentum (k,). A sideview schematic of the Bragg rod structure

! Acquiring 3D electron diffraction patterns was accomplished by tilting the specimen over a range
of angles relative to the incident beam to provide slices through the reciprocal structure. Selected area
electron diffraction (SAED) patterns were acquired on the TFS Talos F200X G2 operating at 80 keV with
TEM holder tilting the sample from +35° to -35° in 1° increment. An accelerating voltage of 80 keV was
chosen to minimize beam induced damage to the 2D material. A 0.75 um SAED aperture was centered
over the same sample region throughout the tilt series acquisition. Each SAED in the tilt series is first
background subtracted and aligned to a common center. Diffraction spots pertaining to a-RuCls at every
specimen tilt were characterized by fitting a four-parameter two-dimensional Gaussian to a windowed
region about each peak. The integrated diffraction peak intensity was then calculated and plotted against

k, for curve fitting with the kinematic model.
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for several of the 1L a~-RuCl3 peaks is shown in Figure 7.1 b and the experimental Bragg rod
intensities are shown in Figure 7.1 ¢ as discrete points together with their expected values
in solid lines. In particular, the (1210) and (1210) peaks exhibit a reduction of symmetry
from the ideal crystal. As the k, dependence for 2L and 3L crystals are markedly different
(see Figure 7.2, calculated by our collaborators), we can confirm our ability to exfoliate

and encapsulate a-RuCl; crystals down to monolayer thickness.
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Figure 7.1: 3D electron diffraction on measurements on 1L a-RuCls. (a) Electron diffrac-
tion pattern for graphene-encapsulated 1L a-RuCl;z at 0° tilt. Bragg peaks for graphene
layers are marked by a thick gray circle. Several a-RuCl; Bragg peaks selected for analysis
are circled. (b) Schematic of calculated out-of-plane momentum (k) dependence for the
various Bragg rods of 1L a-RuCl; chosen in (a). The thickness and color indicate the com-
plex magnitude and phase of the structure factor, respectively. (¢) Experimental Bragg
intensities (scatter points) for (1210), (1210), and (3030) peaks, plotted as function of k.,

show great agreement with fitted kinematic model (lines) of 1L a-RuCls.
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Figure 7.2: 3D reciprocal structure of 1L, 2L, 3L a-RuCl;. Bragg rods occupying the
reciprocal space of a-RuCl;s are illustrated for the first two orders. Bottom panel shows
Bragg rods up to the third order in side view. Thickness and color of Bragg rods represent

the complex amplitude and phase respectively.

7.2 Inelastic Electron Tunneling Spectroscopy

It has been demonstrated that IETS is a powerful tool to probe for spin waves in ultrathin
insulating magnets in the ~ 1-10 meV range[96, 116, 122], the same energy window where
various magnetic excitations have been observed in bulk a-RuCls[71, 72, 128, 129, 73
130, 74, 77,76, 131, 132, 133, 76, 134, 135, 136]. We thus fabricate a series of metal/a-
RuCl3/metal tunnel junctions in inert atmosphere to carry out temperature- and magnetic-
field-dependent IETS on 1L, 2L, and 3L a-RuCls samples. To maximize inelastic electron
tunneling, the metal should possess a sizeable Fermi surface with substantial density of

states[137]. We mostly use ultrathin (< 10 nm) T;-MoTes as our metal electrode. A
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sideview illustration of our device and measurement geometry is shown in Figure 7.3 a and
a colorized optical image of a representative device is shown in Figure 7.3 b. Hexagonal

boron nitride flakes are used as encapsulation layers for protection.

a b

a-RuCl

o<

Figure 7.3: IETS device for 1L a-RuCls. (a) Sideview schematic of an IETS device with
vertical T;-MoTe, contacts to few-layer a-RuCls. (b) Colorized optical image of a 1L a-

RuCl; device. Black shaded areas represent T;-MoTey; and dashed lines outline a-RuCl;
flake.

The upper panel of Figure 7.4 shows the measured AC conductance (dI/dV) of a 1L
tunnel junction at 2 K as a function of the DC voltage. Subtle steps in the curve can
be seen centered at ~ +1 mV, which can be interpreted as increases in the tunneling
conductance when the potential difference across the electrodes reaches the energy of a
particular inelastic excitation in a-RuCl3[138, 95, 96, 116]. These can be seen more clearly
as peaks in the numerical derivative (d*I/dV?) shown in the lower panel of the Figure 7.4.
To extract the position and shape of the peaks, we fit them to a pair of Lorentzians (blue)
on top of a background (gray)[!39]. The resultant fitting is shown in red, which closely

traces the experimental result.
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Figure 7.4: Representative IETS results for 1L a-RuCl; taken at 2 K. Upper panel: AC
tunneling conductance dI/dV as a function of applied DC voltage showing subtle steps
due to magnon excitations at both positive and negative voltage. Lower panel: Numerical
derivative (black trace) of experimental dI/dV curve, d*I/dV?, together with results from

fitting (gray: background; blue lines: Lorentzian fits to magnon peaks; red: overall fit).

It is worth to note that to rule out the possibility that the IETS response may arise
from MoTe,, we used graphene electrodes, but found that the intensity of the IETS spectra
varied from sample to sample. Ref[137] points out that it is important to have large and
matched metal Fermi surfaces to gain efficient and consistent scattering. Nevertheless,

some samples with graphene electrodes did show the same response at the same voltage

bias (Figure 7.5).
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Figure 7.5: IETS sample with few-layer graphene contacts. (a) Colorized optical image of
the sample. The IETS sample is fabricated in the same geometry as shown in Figure 7.3,
except the Ty-MoTes is replaced by few-layer graphene and the thickness of a-RuCl; is 5-6
layers. (b) False-color 2D plot of background-subtracted d?I/dV? spectrum taken from 0.3
K to 10 K for positive bias. The trace at 0.3 K is overlaid in blue. The low-energy peak
at 1 meV is reproduced in this sample, which gradually disappears above ~ 8 K, and the

continuum between 4-10 meV is reproduced as well (See Section 7.2.1).

We next investigate the dependence of these excitation peaks on temperature across

different thickness samples to understand whether they are of magnetic or phononic nature.

7.2.1 Temperature dependence

Figure 7.6 shows the normalized and background-subtracted d*I/dV? spectrum for 1L, 2L,
and 3L devices from 2 K to 10 K in a 2D false-color plot for positive bias. The mode at ~
1 meV appears in all three devices at low temperature and disappears above ~ 8 K. This
is near T for the bulk crystal[128, 87, 1410], which suggests a magnetic origin. Indeed,

phonon features have been observed in this energy range[l11], but they persist up to room
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temperature. Linear spin wave and exact diagonalization calculations based on ab initio
studies show a large magnon scattering intensity near 1 meV at the Y and M points[1412],
while several experiments have reported bulk magnons near this energy[74, , , 135].
We have further integrated the previous bulk magnon intensity calculations across the
Brillouin zone (see Figure 7.7, produced by our collaborators), and the resultant spectrum
indeed exhibits a peak at ~ 1 meV. Our observed mode can thus be attributed to the
lowest-energy excitation of the ZZ AFM order.

10 10 10
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8 8 8 d2l/dv?
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o
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F 4 4 4 0

2 aanaanam
012345 012345 0123 45©67 8910
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Figure 7.6: False-color plot of normalized and background-subtracted d*I/dV? spectra for
1L, 2L, and 3L a-RuCl;z from 2 K to 10 K at positive DC bias. The trace at 2 K for
each thickness is overlaid in blue. A broad excitation between ~ 5 meV to ~ 10 meV is

observed for 3L and attributed to the magnon continuum.
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Figure 7.7: Local dynamical spin structure factor for bulk model from ref[112] computed
via exact diagonalization. (a) Zero-field result showing peak at lowest (Y /M-point) magnon
and higher energy continuum. (b,c) Evolution of low-energy response under in-plane mag-
netic field.

The smaller overall conductance of the thicker 3L device allows us to probe IETS
to higher voltages. Between ~ 5-10 meV, a broad excitation spectrum is observed that
persists up to the highest temperature measured with no apparent discontinuity at Ty.
This is consistent with the continuum excitations identified in bulk crystals by Raman and
neutron scattering, which have been discussed to be connected to fractionalized and/or
incoherent excitations[71, 72, 74, 77]. Our results thus show that such unconventional

magnetic signatures persist down to at least 3L samples.

To determine T more precisely for different thicknesses, we start by fitting Lorentzians
to the low-energy mode in the manner described above. This function is known to be a con-
volution (see Equation 3.5) of the intrinsic spectral weight with a temperature-dependent

thermal broadening function and a temperature-independent instrument broadening func-
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tion (Equation 3.3 and 3.4)[138]. The latter is negligible for our measurement conditions.
We thus extract the intrinsic peak by deconvolving the fitted experimental curve with
the thermal broadening function and integrating the resultant intensity. The comparison

between the broadening effects and raw /intrinsic IETS is shown in Figure 7.8.
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Figure 7.8: Comparison of d?I/dV? spectrum at 2 K from a 3L sample (including
Lorentzian fitting), thermal broadening function at 2 K, instrumental broadening func-

tion, and the thermally deconvolved spectrum.

These values are plotted as a function of temperature in Figure 7.9 a for the three

samples. The intercept of a linear fit applied to the data at low temperature yields T,
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values for which are explicitly shown in Figure 7.9 b as a function sample thickness. The
range of Ty measured for high-quality bulk crystals is marked by the gray band. Unlike
most 2D magnetic materials (for example, Crl3 and CrBrz in Chapter 5), the critical

temperature for a-RuCls remains essentially unchanged down to monolayer.
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Figure 7.9: Temperature-dependent integrated intensity extracted from IETS for few-layer
a-RuCl;. (a) Intrinsic integrated intensity of ~ 1 meV magnon for 1L, 2L, and 3L a-
RuCl; at each temperature. The data points from 2 K to 6 K are utilized for linear fitting
(red lines), whose x-intercepts yield Ty. (b) Thickness-dependent Ty for 1L, 2L, and 3L
a-RuCls, all of which fall in the range of 7 K-8 K (gray band), which corresponds to the
range reported for high-quality bulk crystals.

7.2.2 Magnetic field dependence

In bulk a-RuClsz, magnons can evolve nonmonotonically with the application of an in-plane

magnetic field[73, 77, 706, |. For example, the magnons at the I' point first shift down
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to lower energies with increasing field, reaching a minimum at ~ 6-8 T before shifting up.
This critical field has been suggested to host an intermediate QSL region (between the ZZ
ground state and high-field paramagnetic state)[09, 70], which remains controversial, in
part because theoretical studies have only identified models with QSL phases induced by
out-of-plane fields[61, 78, 82, 80, 81]. Due to the easy-plane anisotropy of bulk crystals,
however, an out-of-plane field of Z 30T is needed to change the magnetic state, rendering
such predicted QSLs largely inaccessible[08, 78, 82, 83 84, , 143]. We thus proceed to
measure the low-energy magnon for all three sample thicknesses with changing magnetic

field.

In Figure 7.10, we show 1L, 2L, and 3L IETS spectra taken at 2K for B between 0 and
14 T (in 1 T increments) with the traces background-subtracted and offset for clarity. To
determine the magnon energies more quantitatively, we have performed a Lorentzian fit
for each trace and the extracted peak positions are marked by the inverted gray triangle
in Figure 7.10 a and plotted explicitly in Figure 7.10 b with changing B). The 2L and
3L samples show qualitatively similar characteristics—with increasing field, the magnon
energy first decreases and then increases, although the field at which the minimum energy
occurs appears to be slightly larger for 2L.. These results can be compared with calculations
for the momentum-integrated bulk magnon intensity with changing in-plane magnetic field
(see Figure 7.7). In addition, we observe that the high-energy continuum feature for 3L

also changes with in-plane field (Figure 7.11), which is consistent with its magnetic origin.

In contrast, the magnon for 1L is essentially unchanged with magnetic field up to 14
T, which suggests that the critical in-plane field necessary to drive the monolayer out of
the ZZ state is pushed to a substantially higher value. This trend is captured by the thick

blue line.
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Figure 7.10: Magnetic-field-dependent IETS on few-layer a-RuCls. 1L, 2L, and 3L a-RuCl;
spectra (black lines) with changing By (a) and B, (c) from 0 T to 14 T in 1 T increments
and offset for clarity. Lorentzian fitting and background subtraction is performed for each
d*I/dV? trace (red lines). The extracted peak positions are marked by the inverted gray
and magenta triangles and plotted explicitly as function of By (b) and B, (d). Gray points
are results for low-energy magnon and magenta points are for two-magnon scattering.
Thick blue and orange lines capture trends in changing critical field with thickness for B

and B, respectively.
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Figure 7.11: False-color plot of normalized IETS spectra without background subtraction
for 3L a-RuClz from 0 T to 14 T. Evolution of the low-energy magnon peak and the

maximum position of the magnon continuum is overlaid in gray and red, respectively.

Figure 7.10 ¢ shows the out-of-plane field dependence of the IETS spectra. Here, an
opposite trend is observed with changing thickness. The 3L has the stiffest response,
consistent with the result for bulk crystals[129], while the low-energy peak position for
both 2L and 1L exhibit more curvature with field. Interestingly, a secondary peak at
higher energy also develops for the latter samples at finite fields. We have fit all the
observed peaks to Lorentzians, and the positions are marked in Figure 7.10 ¢ by gray
and magenta inverted triangles and plotted explicitly in Figure 7.10 d as a function of
B.. At high fields, the secondary peaks appear to shift with field at roughly twice the
rate compared with the low-energy magnon, suggesting that they may originate from two-
magnon excitation[74, 75, 77, 1412]. The larger curvature exhibited by this higher energy

mode also allows us to clearly identify the critical field for which the energy is minimum—it
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shifts to higher values with increasing thickness. This trend is captured by the thick orange
line and is consistent with the extremely large out-of-plane critical field expected for the

bulk crystal.

We further note that the observed magnon stiffening for 1L a-RuCl; with in-plane field
appears to be independent of whether the field is directed along either of the two in-plane
crystalline axes, where the axes are confirmed by Raman spectroscopy on the attached
thick flake.

7.2.3 Independence of magnons on in-plane field direction for

monolayer a-RuClj

Various vibration modes are seen in the Raman spectrum? of a-RuCls[144]. In particu-
lar, A;}, Bg, Ag and BS phonon modes have four-fold angular symmetry in their Raman
intensity when the light polarization is rotated within the plane[l414]. Moreover, in the
parallel polarization configuration, the Raman intensity of Ag along the b-axis is notice-
ably larger than along with a-axis, which can be used to determine the crystalline axes of
thin flakes[l44].

However, the Raman signal from monolayer is significantly weaker than in thicker flakes.
Therefore, during sample fabrication, we have chosen an intact flake having both monolayer
and a thick area, as shown in the inset of Figure 7.12 a. Because the two areas are attached,
it is reasonable to assume that they have the same lattice orientation. Our samples are
mounted on a rotatable stage for angle-resolved Raman measurements. Our collaborators
first perform polarized Raman spectroscopy (in both crossed and parallel polarization

configuration) for the thick area at 0°, where 0° is defined as incident polarization parallel

2Raman spectroscopy was carried out at room temperature using a 532 nm excitation laser in backscat-
tering geometry with a beam spot size of ~1 pm. The laser power was kept at ~0.1 uW, to minimize the
local heating effect. The scattered light was dispersed by a Horiba LabRAM HR Evolution Raman Mi-
croscope system and detected by a thermoelectric cooled CCD camera. The h-BN-encapsulated a-RuCls

flakes were mounted on a rotatable stage and measured at every 10°.
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to the sharp edge of the thick area (see Figure 7.12 a, main panel). The various peaks
observed are assigned based on ref[l14]. In particular, Ag and BS are relatively strong
and close in energy. We then rotate sample in the x-y plane in 10° increments. A (B?)
peaks are maximized at 0°, 90°, 180°, and 270° (40°, 130°, 220°, and 310°) in parallel
configuration and 40°, 130°, 220°, and 310° (0°, 90°, 180°, and 270°) in crossed configuration
(see representative angle-dependent parallel polarization spectra in Figure 7.12 b). We
extract the peak properties through Lorentzian fitting and the angle-dependent intensities
of Ag and Bg’ in parallel configuration are shown in Figure 7.12 ¢. We then fit the angle

dependence according to the expressions taken from ref[l11].

We can clearly see that in parallel configuration Af] is minimized at ~ 0° and maximized

at ~ 90°, corresponding to a and b axis, respectively.
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Figure 7.12: Determination of in-plane crystalline axes of 1L a-RuCl; (a) Inset: Optical

image of tunneling device showing 1L a-RuCl3 connected to a thicker area. Main panel:

parallel and cross-polarized Raman spectra taken on thicker a-RuCls. (b) Zoom-in of Ag,
5 6 . . . . .

B,, and A; phonon modes for various polarization angles in parallel configuration and peak

fitting. (c) Polar plot of Raman intensity (in dots) as a function of polarization angle in

parallel configuration for A} and B} together with fitting (in lines).

After the a and b axes are determined, a magnetic field is applied along those two
directions in IETS measurements. The field-dependent spectra are shown in Figure 7.13
together with their fittings in dark red, and the lower panel plots the fitted peak positions
explicitly as a function of magnetic field. Data for both field directions show that the 1
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meV magnon has very little change up to 14 T.

NS
SIS
i;é :’: -‘:::=Z:>-4>tf:—7:\j : t;i

ot

2 4 6 8 10 12 1
B(T)

[N 5

Figure 7.13: Independence of magnons on in-plane field direction. (a) Field dependence of
the 1 meV magnon for field along a and b axis. (b) Extracted magnon energy from fitting

as a function of magnetic field.

Taken together, the results of Figure 7.10 and Figure 7.13 suggest that the magnetic

anisotropy is reversed from easy-plane for bulk crystals to easy-axis (out-of-plane) for 1L
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a-RuCls. Such a change is striking; however, we must ascertain whether it is intrinsic
to monolayer samples or a result of proximity to the T;-MoTey, a system with strong

spin-orbit coupling.

7.3 Lateral Transport Measurement

To address this issue, we have fabricated an ultrashort two-terminal device for 1L a-
RuCls with both few-layer graphene electrodes and top and bottom gates to investigate
the field dependence of lateral transport. A colorized scanning electron microscope image
and sideview schematic of the device are shown in Figure 7.14 a. The sample is only
in contact with h-BN across the channel (length ~ 300 nm). Figure 7.14 b shows the
DC current-voltage dependence at base temperature for different gate values. Due to the
insulating nature of a-RuCls, the sample only shows measurable current at low bias when

large positive gate voltages are applied (electron doping).
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Figure 7.14: Lateral magnetotransport measurement on 1L a-RuCls with dual gates. (a)
Sideview schematic (upper) and colorized scanning electron microscopy image (lower) of
device with channel length of ~ 300 nm. (b) DC current-voltage characteristics curves at

2 K taken with various gate voltages.

In the most conductive state (Vrg =9V, Vg = 6 V), we have measured the AC con-
ductance upon sweeping the magnetic field (both in-plane and out-of-plane) continuously,
and the results are plotted in Figure 7.15 for several different temperatures. Overall, there
is very little change with in-plane field, consistent with this field direction being along the
hard axis. In contrast, there is larger change when the field is applied along the easy axis
out of plane. Moreover, a marked kink can be seen in the magnetoconductance at B, ~ 6.5
T at low temperatures. This coincides with the critical field for the two-magnon feature
measured by IETS. Upon raising the temperature, the kink gradually disappears above
Twn. These results indicate that the magnetic anisotropy reversal in monolayer a-RuCl; is

likely of intrinsic origin as opposed to proximal contact with T ;-MoTe,.
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Figure 7.15: AC conductance at 20 mV DC bias, 9 V top gate, and 6 V back gate with
changing with By (red) and B, (blue) from 2 K to 12 K. The magnetoconductance has
larger change overall with B, and a marked kink at B, ~ 6.5 T that gradually disappears
above Ty ~ 8 K.

7.4 Origin of Magnetic Anisotropy Reversal

7.4.1 Electron diffraction measurement

It is well-understood that spin moments in a-RuCl; are strongly coupled to the charge and
lattice degrees of freedom|[61, 115, 146, 147, 1418]. In particular, electron transfer effects have

been previously observed in various 2D heterostructures incorporating a-RuCls[119, 150].
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Theoretical analysis shows that the magnetic anisotropy is unlikely to be affected by doping,
however[151]. Thus, a more probable cause is that the structure of 1L a-RuCl; deviates
from that of the bulk crystal.

To investigate whether this is the case, we again turn to electron diffraction measure-
ments performed on the monolayer sample. By carefully fitting the k, dependence for
the various Bragg peaks, we observe three primary distortions of the honeycomb lattice
of edge-sharing RuClg octahedra, which are illustrated in Figure 7.16 a. First, there is
an out-of-plane buckling of the Ru atoms, A(g,, discernable from the asymmetric (0110)
and (0110) Bragg rods shown in Figure 7.16 b. Due to negligible overall strain in the
lattice (see discussion of Figure 7.1 a), the in-plane distortion of Ru should be insignifi-
cant. Second, there is a change in the c-axis position Cl atoms relative to the Ru atoms,
Ao, as well as a third in-plane distortion of the Cl atoms that are opposite for the top
and bottom sublayers, Arg;. A table summarizing the experimentally bounded values for
these three distortions are shown in Figure 7.16 a. Some of these distortions have been
previously observed on the surfaces of exfoliated a-RuCl; flakes and have been attributed
to Cl vacancies despite preparation in inert atmosphere[l52]. Here, diffraction provides a
precise measure of the average crystal structure and distortions but is much less sensitive

to real-space fluctuations.
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Figure 7.16: Three primary distortions of 1L a-RuCly identified by our collaborators. (a)
Schematic illustration of three distortions (left) and summary of the values determined by
3D electron diffraction measurements (right). (b) Asymmetric (0110) and (0110) Bragg
rod intensities vs k, indicate out-of-plane Ru buckling. Inset: schematic for the two Bragg

rods with and without Ru buckling.

7.4.2 Ab initio calculation

The reversal of magnetic anisotropy for 1L, a-RuClj signifies modification of the spin Hamil-

tonian H =3 _, . 5’11\/[”5'] due to the observed distortions. For co-planar Ru, the matrix
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J T I/

M (for the z bond) can be expressed as | ' J IV for nearest-neighbor interac-
I 1w J+K

tions, where J, K, and I" (I'") refer to the Heisenberg, Kitaev, and off-diagonal coupling

terms, respectively, although a third neighbor Heisenberg term J3 is expected to contribute

J:c F:cy sz
as well. With Ru buckling, the symmetry of M is lowered to | T',, J, T,.| , where
sz Fyz Jz

the Kitaev coupling is now defined by K = J, — (J, + J,)/2. The sense of the exchange
anisotropy is determined by the sum of the off-diagonal couplings > I' =T, + Iy, + Ty
with positive (negative) values indicative of easy-plane (easy-axis). In the bulk, the large
out-of-plane critical field stems primarily from the large off-diagonal I" > 0 term, which is

the main competitor to the Kitaev interaction.

To correlate the distortions with microscopic interactions, we have performed ab initio
calculations of the spin Hamiltonian for a range of distortions and evaluated the classical
ground state magnetic order, schematics of which are shown in Figure 7.17 a. The results
are shown in the lower panels of Figure 7.17 b as two sets of false-color plots for T’
as a function of the Cl distortions. The left (right) panel is calculated without (with) Ru
buckling. The plots also map out a phase diagram for the magnetic ordering. Regions where
classical stripy (Str), ZZ, and ferromagnetic (FM) phases compete have been theorized to
realize a QSL state in the bulk[66, 78]. The position of bulk a-RuCl; is marked by the
black circle in the left panel[127, ], while the dashed rectangle in the right panel outlines

our 1L a-RuCl; within the error limits of electron diffraction.
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Figure 7.17: Magnetic phase diagram based on ab initio study. (a) Schematics of various
classical magnetic orders in phase diagram. (b) Magnetic phase diagram determined by ab
initio calculations of Y I' as a function of the Cl distortions without Ru buckling (Algr, =
0 A, left) and with Ru buckling (Alg, = 0.3 A, right). Yellow (blue) regions correspond to
easy-plane (easy-axis) magnetic anisotropy. Positions for the experimental bulk structure
and DFT-relaxed monolayer are circled in the case of no buckling. The dashed rectangle
in the right panel outlines our 1L a-RuCl; within the error limits of electron diffraction.
Hashed areas mark regions within the rectangle where the ZZ magnetic anisotropy has

flipped to out-of-plane (easy-axis).

We have also used density functional theory to calculate the relaxed structure of the

freestanding monolayer, which appears near that of the experimental bulk structure and
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does not exhibit Ru buckling (see red circle, left panel). According to our collaborators’
DFT calculation, while the modulation of the Ru heights can be induced by Cl vacancies
on average, the distortion rapidly decays away from the Cl vacancy location and a very
high density of vacancies (> 10%, on the scale of one vacancy per unit cell) would be
required to yield the experimentally observed degree of buckling, which is inconsistent
with our electron diffraction measurements. Additionally, DFT calculation on monolayer
RuCl; sandwiched between two layers of h-BN does not show a significant buckling of the
Ru atoms. Therefore, while the precise microscopic origin of the observed buckling is left
as an open question, we can effectively rule out the effect of the substrate as well as a high

density of Cl vacancies.

Hashed areas in the phase diagram on the right of Figure 7.17 b mark regions of within
the Z7Z state within the dashed rectangle where the magnetic anisotropy has flipped to
out-of-plane, which all lie on the border to FM order. To narrow the 1L phase boundary
further, we have performed MCD measurements® on 1L a-RuCls to measure the out-of-
plane magnetization and the results are inconsistent with a ferromagnetic (FM) phase with
easy axis anisotropy (Figure 7.18), indicating that our monolayers most likely retain the
77 configuration and possess a value of Y I' that is small and negative (hence reside in

the hashed region.

3The experimental details can be found in Section 5.2.
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Figure 7.18: MCD measurements comparing 1L a-RuCl; and 1L CrBrs. (a) AMCD =
MCD — MCD(0T) for 1L a-RuCls at 3.5 K and 1L CrBrs at 5 K between £70 mT. The
data for 1L CrBrj is reproduced from Figure 5.5. (b): MCD data for 1L a-RuCls at 3.5 K
between +8 T.

The various exchange terms estimated for this region as well as for the bulk structure
are summarized below in Table 7.1. We thus see that the anisotropy reversal in monolayer
samples is largely driven by the in-plane Cl distortion, which suppresses and reverses the off-
diagonal exchange. 1L a-RuClz appears to be near a transition to out-of-plane FM ordering
as a result. Proximity to this phase boundary necessarily leads to greater spin frustration
and an enhanced Kitaev interaction. Specifically, we calculate K = J, — (J, + J,)/2 =
-8.25 meV for the hashed region, larger than that for the bulk. Due to out-of-plane Cl
compression relative to the bulk structure, 1L a-RuCl; also lies closer to the region where

Str, Z7Z, and out-of-plane FM phases compete.

98



J K r I
No buckling (bulk a-RuCl;) -3.3 -6.4 | 3.6 -0.7
Tl g, 0 e | Ty | T
Ru buckling (1L a-RuCly ) | -3.1 | -4 |-11.8 | 2.3 | 45| 1.4

Table 7.1: Summary of the estimated exchange couplings (meV) for 1L and bulk a-RuCls.

7.5 Conclusion

In conclusion, our tunneling measurements on 2D a-RuClj reveal the presence of single- and
two-magnons down to the monolayer limit and a magnon continuum in 3L. The evolution of
magnons with magnetic field indicates a clear change in the magnetic anisotropy from easy-
plane to easy-axis in monolayer form that is supported by magnetotransport measurements
in a gated lateral geometry. 3D electron diffraction shows that 1L «a-RuCls possesses
several structural distortions, among which an in-plane Cl distortion predominantly drives
the anisotropy reversal. This is supported by ab initio calculations, which are also used to

extract a microscopic spin Hamiltonian and distortion-dependent magnetic phase diagram.

Relative to the bulk, the ground state of monolayer a-RuCl; has a larger Kitaev in-
teraction and lies in closer proximity to the intersection of several competing spin or-
ders. Furthermore, while a field-induced QSL for in-plane fields in bulk a-RuCls remains
a subject of intense debate, a variety of theoretical works have predicted QSL phases
for out-of-plane fields that have hitherto been inaccessible due to the large easy-plane
anisotropy[01, 78, 79, 80, 81]. Such states may now be potentially realized for monolayer
samples. Our results demonstrate the importance of dimensionality in tuning magnetism
in strongly correlated spin systems and pave the way for versatile experimental knobs used
for 2D materials (electric field, doping, strain etc.) to further modify the magnetic order

in atomically thin a-RuCls.
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Chapter 8

Summary and Outlook

8.1 Summary

This thesis is aimed at exploring potential application of 2D magnetic materials and inves-
tigating 2D magnetism in different systems. To start, we gave a brief summary of current
progress in theory and experiments of 2D materials and 2D magnetic materials, among
which two types of van der Waals magnetic materials attract our attention: chromium
trihalides and a-RuCls. In the next chapter, we summarize their magnetic properties for
bulk crystals, along with a brief description of a generalized spin Hamiltonian. In particu-
lar, a simple summary of the Kitaev model and its materialization, is presented. Chapter
3 describes a powerful tool, tunneling heterostructure, for probing interlayer magnetism

and magnetic excitations.

The following four chapters are based on three separate projects, two of which have been
published. In Chapter 4, we report a very large magnetoresistance in a tunnel heterostruc-
ture incorporating few-layer Crl3. Thanks to its antiferromagnetic interlayer coupling, the
magnetoresistance can rise up to one million percent at a certain condition. This work not
only shows the potential opportunities in spintronics, but also demonstrates the ability of

tunneling heterostructures for probing 2D magnetism.

100



In Chapter 5 and 6, we comprehensively investigate the 2D magnetism for the three
chromium trihalides compounds. The interlayer and intralayer magnetism are system-
atically studied and summarized, wherein a new measuring technique is adopted, IETS.
Magnon excitations are clearly extracted from the plots of IETS vs magnetic field for the

three materials, showing the sensitivity of IETS to quasi-particle excitation in 2D materials.

Lastly, we present our results on 2D a-RuCls. Surprisingly, we find the strong easy-
plane anisotropy is completely reversed into easy-axis in monolayer, with a critical field
close to 6-7 T. The former causes a tremendous difficulty to realize the predicted spin liquid
state. This observation shows the feasibility of realizing spin liquid state in monolayer a-

RuCl; with an intermediate magnetic out-of-plane field.

8.2 QOutlook: Controlling 2D Magnetism

Various knobs (pressure[153], strain[154], electrostatic doping[108], electric field[120], etc.)
have been experimentally demonstrated to effectively control the 2D magnetism. Since
the discovery of the exotic properties of twisted bilayer graphene[l55], twisting becomes a
unique controlling knob to induce quantum phase transition in 2D materials. As discussed
in Chapter 2, the reason why the 2D magnetism of Crls is distinct from 3D one is the
change in layer stacking, which is exactly where the interlayer magnetism is sensitive to.
Some theoretical simulations have illustrated that by twisting, various stacking can coexist,
hosting different types of interlayer magnetism (AFM or FM)[17]. Recently, several groups
have published results on twisted bilayer or double-bilayer Crlz[150, |, claiming the
existence of noncolinear magnetic states and coexistence of AFM and FM coupling by

optical approaches, whereas the transport results are still lacking.

Currently, we are implementing this idea and already have some preliminary data. We
are able to fabricate a tunnel junction incorporating with twisted double bilayer Crls at
nearly 1°. Figure 8.1 shows that the comparison of tunneling magnetoresistance normalized

by junction area as function of out-of-plane magnetic field. Instead of a plateau between
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1 and 2 T, we observe a continuous change in magnetoresistance. This means that 1.
The original AFM interlayer coupling is destroyed; 2. Noncollinear spins may exist, whose
constant canting as function of field might be related to the continuous behaviour. Fur-
thermore, the amplitude of magnetoresistance for the twisted sample is largely reduced,
which may relate to the formation of FM interlayer coupling. The ongoing study might

open a new page for the 2D magnetism study.
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Figure 8.1: Preliminary data for normalized magnetoresistance of (a) twisted double-bilayer

Crl; and (b) regular four-layer Crlz as a function of out-of-plane magnetic field.
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Appendix A
Cryogenic Setup

Magnetotransport measurements were performed in an He-4 cryostat (base temperature 1.4
K, magnetic field limit 14 T) and an He-3 cryostat (base temperature 0.3 K, magnetic field
limit 12 T') with superconducting magnets (Figure A.1). The superconducting magnet He-
3 cryostat was used for IETS devices (CrX3 and a-RuCls with Gr contacts). Both setups
have a single-axis rotator for the sample stage. PID control loops were used for precisely

stabilizing sample temperature in the two crystats.

A.1 He-4 Cryogenic System

The superconducting magnet is immersed in liquid He-4 below 4K. The temperature is
maintained by the cold head. A controllable valve connects the sample chamber with the
He-4 reservoir. As the chamber is pumped from the top, liquid He-4 is transferred into the
chamber through the valve and vaporized. At low pressure, the He-4 vapour could reach
as low as 1.4 K near the sample space. The pumped He-4 gas is recycled back to the He-4

reservoir.
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A.2 He-3 Cryogenic System

The 1K pot contains vapor-liquid He-4 mixture. Similar to the He-4 system, as the He-4

is pumped out, the 1K pot could remain nearly 1 K for cooling and condensing He-3. To

cool the sample down to 0.3 K, first of all, we need to warm the charcoal to release the
adsorbed He-3 gas. As it go through the 1K pot, it is condensed and the liquid He-3 will
be collected at the bottom of the probe, which is attached with the sample holder. Then

we lower the charcoal temperature to 4 K, which cryopumps the liquid He-3 and reaches

0.3 K. As the liquid He-3 is evaporating, the gas returns to the sorb and is recollected for

the next cooling.

He-4
pumpedin

}

He-4

T pumped out

— T

He-4

Cold Head

T pumped out

Magnets ~

Sample =

HE'4 —

B Charcoal
Sorb
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Liquid N,

Figure A.1: Schematic for (a) the He-4 cryostat and (b) the He-3 cryostat.
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Appendix B

Tunneling and Lateral Transport

Measurements

We applied a current/voltage bias with Keithley 2450 in order to measure tunneling mag-
netoresistance for CrXs (Figure B.1 a). The voltage was applied between the top and
bottom graphite electrodes and the value of tunneling current was captured by Keithley
simultaneously. Typically, the upper limit for tunneling current was set to be 10 nA in

case of electrical breakdown.

In Chapter 7, we performed a lateral transport measurement for a-RuClz with dual gate
voltages (Figure B.1 b). To apply gate voltages, here few-layer h-BN was used as dielectric
layers. In case of electrical breakdown, the leakage currents limit for both gates was set
to be 0.1 nA. As we measured IV characteristic curves, a third Keithley unit was used
to apply source-drain voltage (not shown in Figure B.1 b). With the optimized settings
for gate voltages, we measured AC lateral conductance for electron-doped a-RuCls with
Stanford Research SRS860 lock-in amplifier. Compared with SRS830, SRS860 is able to
add a DC bias with AC output. Benefiting from this feature, we added 20 mV to the

output for enhancing signal-to-noise ratio.
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—Keithley 2450 i
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I —
19 I
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Figure B.1: Circuit designs for (a) tunneling magnetoresistance and (b) lateral transport
measurement with dual gates. (a) The two black blocks represent the top and bottom
electrodes, and the yellow block represents the few-layer CrXs3. As a constant voltage
(current) is applied between the two electrodes, the Keithley 2450 is able to measure the
tunneling current (applied voltage) simultaneously. (b) The two blue blocks represent the
top and bottom h-BN, and the yellow block represents monolayer a-RuCls. The two gate
voltages are produced by two separate Keithley 2450’s with the same common ground. The
AC conductance is measured by Stanford Research SRS860 lock-in amplifier. To obtain
IV characteristic curves, the lock-in amplifier was substituted by another Keithley 2450.
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Appendix C

IETS

In the IETS measurements, AC conductance is measured as a function of DC voltage bias,

which requires an AC excitation to be applied on top of DC voltage bias.

DC bias was applied by a Keithley 2450 source measure unit, and AC excitation was
performed by a Stanford Research SRS830 lock-in amplifier. The circuit is shown in Figure
C.1. If the resistor R3 (usually chosen as 50 ) is especially smaller than the sample

resistance (in most cases, the value is around 1 to 10 M), then the DC and AC voltage bias

R3
R>+R3

of the resistance of any given sample. To minimize the instrumental broadening for the

can be estimated as Vpo = Vbe,in and Vaco = %VAC,W respectively, independent

tunnelling spectrum, the AC excitation should be set below 1 mV (typically the value is
100 pV to 500 pV).
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Figure C.1: IETS circuit setup. Left: the IETS circuit with output voltage V. Right:

output from the circuit, consisting of Vpe and Vye.

However, if the lock-in amplifier itself is able to add a DC bias together with AC signal,
for example, Stanford Research SRS860 lock-in amplifier, its output can be directly used

as V. instead of using the circuit shown in Figure C.1.
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