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Abstract

Emergent phenomena and device applications in magnetic van der Waals heterostructures

Tiancheng Song

Chair of the Supervisory Committee:
Professor Xiaodong Xu
Department of Physics

Van der Waals (vdW) heterostructures built by the vertical stacking of various 2D materials
provide an ideal platform for the rational design of emergent phenomena and device applications.
The recent discovery of atomically thin magnetic vdW materials has created new opportunities to
explore 2D magnetism in magnetic vdW heterostructures. In this thesis, we will present an
exploration into the 2D magnet chromium triiodide (Crl3) and its vdW heterostructures. We will
first introduce the unique layer-dependent magnetism in Crls enabled by the antiferromagnetic
interlayer coupling. We then achieve giant tunneling magnetoresistance by using Crls as a tunnel
barrier in vdW spin-filter magnetic tunnel junctions. In a dual-gated structure, a pair of bistable
magnetic states in four-layer Crl3 can be switched reversibly by electrostatic gating, demonstrating
a new kind of voltage-controlled vdW spintronic device. We will also unravel the stacking-

dependent magnetism in Crls, and realize the control of interlayer magnetism and switching of



magnetic states via pressure tunning of layer stacking. Finally, we will discuss the helicity-
dependent photocurrent in Crls and its interplay with the underlying exciton states and magnetic

order.
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Figure 1.1. Two-dimensional materials. (a) Graphite bulk crystal. (b) The “Scotch tape method”.
(¢) Crystal structure of monolayer graphene and optical microscope images of typical
exfoliated graphene flakes on Si02/Si substrate. (d) A few examples of two-dimensional
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Figure 1.2. Van der Waals heterostructures. (a) Assembly of different 2D materials where the
constituent layers are held together by van der Waals forces. The resulting van der Waals
heterostructure is analogous to the building of LEGO blocks. (b) Moiré superlattice of

magic-angle twisted bilayer graphene. Reproduced from reference®” with permission.

Figure 2.1. Monolayer Crls. (a) Crystal structure of monolayer Crl3 with the side (upper) and top
(bottom) views. In the upper panel, the purple and brown atoms represent the Cr and I
atoms, respectively. The arrows indicate the out-of-plane spin orientation. In the bottom
panel, the three I atoms are labeled in the top (orange) and bottom (blue) layers, which form
equilateral triangles (solid and dashed red lines, respectively). (b) MOKE signal, 6k, as a
function of magnetic field, uoH, measured from a monolayer Crls at 15 K. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. Reproduced from reference®
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Figure 2.2. Magnetic circular birefringence and dichroism. The linearly polarized incident light
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Figure 2. 3. Antiferromagnetic interlayer coupling in bilayer Crls. (a) Schematic of magnetic
states in bilayer Crls. (Left) Layered antiferromagnetic ground state at zero magnetic field.
(Right) Fully spin-polarized states above the out-of-plane critical magnetic field. (b) MOKE
signal, 6k, as a function of magnetic field, uoH, measured from a bilayer Crls at 15 K. Green
(orange) curve corresponds to decreasing (increasing) magnetic field. Insets show the
corresponding magnetic states. Reproduced from reference®” with permission. ...... 13
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Figure 2. 4. Layered antiferromagnetism in few-layer Crls. (a) Normalized MOKE and RMCD
signals of mono- to four-layer Crls as a function of magnetic field. Green (orange) curve
corresponds to decreasing (increasing) magnetic field. (b) RMCD signal of trilayer Crls as a
function of magnetic field. Insets show the corresponding magnetic states of trilayer Crls.
The ratio between the RMCD signals of the four magnetic states is close to -3:-1:1:3. (¢)
RMCD signal of four-layer Crls as a function of magnetic field. Insets show the
corresponding magnetic states of four-layer Crls. Reproduced from reference**’ with
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Figure 2. 5. Monte Carlo simulations of symmetric few-layer Crls. All the layers of bilayer Crl3
(a), trilayer CrlIs (b), and four-layer Crls (c) are assigned the same spin value S = +1.
Green (orange) curve corresponds to decreasing (increasing) magnetic field. Ms is the

saturation magnetization of monolayer Crl3. Reproduced from reference*® with permission.

Figure 2. 6. Monte Carlo simulations of asymmetric bilayer and four-layer Crls. (a) Bilayer Crl3
is assigned the spin values S = +1.05 and S = £0.95 for the top and bottom layers,
respectively. (b) Four-layer Crls is assigned with the spin values § = +1.1, S = +1,§ =
+1, and S = £0.9 for the four layers from top to bottom, respectively. In both the bilayer
and the four-layer Crls, the different spin amplitudes between each layer — equivalent to
breaking the up-down symmetry — results in the appearance of the spontaneous
magnetization at zero magnetic field. Reproduced from reference*® with permission.21

Figure 3. 1. Tunneling magnetoresistance effect in magnetic tunnel junctions. (a) Schematic of
magnetic tunnel junction which consists of two magnetic layers separated by an insulator as
a tunnel barrier. (b) The electrical resistance of the magnetic tunnel junction is relatively
large or small when the two magnetizations are in antiparallel or parallel alignment,
respectively, which can be controlled by an external magnetic field. ...................... 23

Figure 3. 2. Double spin-filtering effect in spin-filter magnetic tunnel junctions. (a) Spin-filtering
effect in a magnetic tunnel barrier. (b) The resistance is large when the two spin filters are
in antiparallel alignment. (¢) The resistance is small when the two spin filters are aligned in

parallel. Reproduced from reference®® with permission. ............cccccevevevrueuerenennnnne. 25
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Figure 3. 3. Magnetic states in bilayer Crls. (a) Layered antiferromagnetic state which suppresses
the tunneling current at zero magnetic field due to the double spin-filtering effect. (b) Fully
spin-polarized state with out-of-plane magnetizations where the suppression is removed. (¢)
Fully spin-polarized state with the magnetizations aligned in the in-plane direction where
the suppression is also removed. Reproduced from reference*® with permission. ... 26

Figure 3. 4. Bilayer Crls spin-filter magnetic tunnel junction. (a) Schematic of spin-filter
magnetic tunnel junction with bilayer Crls functioning as the spin filters sandwiched
between two few-layer graphene contacts. (b) Optical microscope image of a typical bilayer
Crls device. The red dashed line shows the position of the bilayer Crls. Reproduced from
reference®® With PErMISSION. ..........ocoviviviveueeieeieeeeeeeeeeteee et 27

Figure 3. 5. Tunneling current of bilayer Crl3 spin-filter magnetic tunnel junction. (a) Tunneling
current as a function of bias voltage measured from the bilayer Crls spin-filter MTJ at
selected out-of-plane and in-plane magnetic fields. Insets show the schematic of the
magnetic states for each -V curve. (b) TMR ratio as a function of bias voltage for out-of-
plane and in-plane magnetic fields, calculated from the /-7 curves in (a). Reproduced from
reference®® With PErMISSION. .......c.cvoveveveieeeeeieeeeeeeeeeeeee et 28

Figure 3. 6. TMR effect in bilayer Crls spin-filter magnetic tunnel junction. (a) RMCD signal as
a function of out-of-plane magnetic field measured at zero bias voltage. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. Insets show the corresponding
magnetic states. (b) Tunneling current as a function of out-of-plane magnetic field measured
at a selected bias voltage (-290 mV). Inset shows the measurement geometry. (¢) Tunneling
current as a function of in-plane magnetic field measured at the same bias voltage (-290
mV). Insets show the corresponding magnetic states. Reproduced from reference*’ with
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Figure 3. 7. Large TMR effect in trilayer Crl3 spin-filter magnetic tunnel junction. (a) RMCD
signal as a function of out-of-plane magnetic field measured at zero bias voltage. Green
(orange) curve corresponds to decreasing (increasing) magnetic field. Insets show the
corresponding magnetic states. (b) Tunneling current as a function of out-of-plane magnetic

field measured at a selected bias voltage. Inset shows the measurement geometry. (¢) TMR



ratio as a function of bias voltage for out-of-plane and in-plane magnetic fields, calculated
from the Ii-V curves in the inset. Reproduced from reference* with permission..... 32

Figure 3. 8. Giant TMR effect in four-layer Crl3 spin-filter magnetic tunnel junction. (a) RMCD
signal as a function of out-of-plane magnetic field measured at zero bias voltage. Green
(orange) curve corresponds to decreasing (increasing) magnetic field. Insets show the
corresponding magnetic states. The relative net magnetizations for different magnetic states
are labeled. (b) Tunneling current as a function of out-of-plane magnetic field measured at a
selected bias voltage. Inset shows the measurement geometry. (¢) TMR ratio as a function
of bias voltage for out-of-plane and in-plane magnetic fields, calculated from the -V curves
in the inset. Reproduced from reference®® with permission..............ccccovvevevevernnnn. 34

Figure 3. 9. Schematic of possible magnetic states corresponding to the intermediate plateaus at
negative and positive magnetic fields. Green lines show the current blocking interfaces.
Reproduced from reference®® with permission. .............coceveveeeveveveveeeeeseseeceenenans 35

Figure 3. 10. Two additional four-layer Crls spin-filter magnetic tunnel junction devices exhibit

three (a) and one (b) intermediate plateaus. Reproduced from reference*® with permission.

Figure 3. 11. Four-layer Crl3 spin-filter magnetic tunnel junction. (a) Schematic of the dual-gated
four-layer Crls spin-filter magnetic tunnel junction device including two monolayer
graphene contacts and top and bottom gates. (b) False-color optical microscope image of
the dual-gated four-layer Crls spin-filter magnetic tunnel junction device. Reproduced from
reference’® With PEIMISSION. .......c.ovoveveveveeeeeeeeeeeeeeeeeee ettt 37

Figure 3. 12. Multiple magnetic states in four-layer Crls spin-filter magnetic tunnel junction. (a)
RMCD signal as a function of out-of-plane magnetic field measured at zero bias and gate
voltages. Green (orange) curve corresponds to decreasing (increasing) magnetic field. Insets
show the corresponding magnetic states. (b) Tunneling current as a function of out-of-plane
magnetic field measured at a selected bias voltage and zero top and bottom gate voltages.
Insets show the identified magnetic states for the larger and smaller current plateaus.
Reproduced from reference’® with permission. .............ocoeeeeueeeeeeeeeeeeeeeeeeenennns 39

Figure 3. 13. Reversible switching of the bistable magnetic states. (a) and (¢) Tunneling current

(V'=-240 mV) as a function of out-of-plane magnetic field measured at two representative
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gate voltages. The identified intermediate magnetic states are indicated by the insets. Green
(orange) curve corresponds to decreasing (increasing) magnetic field. (b) Tunneling current
and the extracted current on/off ratio as a function of the top gate voltage swept from +2.4
V to -2.4 V (red curve) and back to +2.4 V (blue curve) measured at 1 T. The black and red
open circles denote the two ends of the top gate voltage sweep, corresponding to the same
states circled in (a) and (c), respectively. The bottom panel shows almost no change in
RMCD signal during the top gate voltage sweep, consistent with the same magnetization of
the bistable magnetic states. Reproduced from reference’® with permission. .......... 41
Figure 4. 1. Interlayer super-superexchange coupling in bilayer Crls........cccccoeouiriiennenn. 44
Figure 4. 2. Stacking-dependent interlayer magnetism in bilayer Crls. (a) Schematic of
rhombohedral and monoclinic stacking with the top (left) and side view (right) indicating
the ferromagnetic and antiferromagnetic interlayer coupling, respectively. The green
(purple) atoms represent the Cr atoms in the top (bottom) layer while the brown ones
represent the I atoms. Here, a, b and ¢ represent the Crls crystal axes. (b) Interlayer
exchange energy as a function of lateral shift. The red and black open circles denote the
rhombohedral and monoclinic stacking, corresponding to the ferromagnetic and
antiferromagnetic interlayer coupling, respectively. (¢) Full map of lateral shifts for the

interlayer exchange energy. Reproduced from reference’®!

with permission......... 45

Figure 4. 3. Tuning the layer stacking in bilayer Crl3 by applying pressure to reduce the
interlayer spacing or inducing a relative lateral shift between the two Crls layers. . 46

Figure 4. 4. Pressure study of bilayer Crl3 spin-filter magnetic tunnel junction. (a) Schematic of
the pressure experimental setup. The bilayer Crls spin-filter MTJ device is held in a piston-
cylinder pressure cell for applying hydrostatic pressure. The yellow line embedded in epoxy
represents electrical leads. The force applied to the piston exerts hydrostatic pressure on the
device through oil (red arrows). (b) The pressure of 1 GPa is equivalent to a 10-ton elephant
standing on an area of only 1 cm?, representing high pressure. (¢) Schematic of bilayer Crl3
spin-filter magnetic tunnel junction under ambient conditions. (d) Applying high pressure

can dramatically reduce the interlayer spacing between the two Crls layers. Reproduced

from reference® With PermiSSION. .........cocoveviveveeieieeeeeeeeeeeeeeeee e 48
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Figure 4. 5. Tunneling current as a function of magnetic field under ambient conditions and at
selected hydrostatic pressure measured at the same bias voltage (50 mV). Insets show the
corresponding magnetic states and the optical microscope image of the bilayer Crls spin-
filter MTJ device. The purple and gray shadows show the bilayer Crl3 flake and few-layer
graphene contacts. The yellow and green regions are gold electrodes and hBN flakes.
Reproduced from reference®! with permission. ............c.coceeeeeeeeeeeeeeeeeeeennns 49

Figure 4. 6. Switching interlayer magnetism in bilayer Crls. (a) RMCD as a function of magnetic
field measured from the bilayer Crl3 under ambient conditions after the device is removed
from the pressure cell where it underwent high pressure. The arrows indicate the sweep
direction of the magnetic field. (b) RMCD signal as a function of magnetic field measured
from a pristine bilayer Crls under ambient conditions, which exhibits the typical bilayer Crl3
behaviors of the layered antiferromagnetism. The arrows indicate the sweep direction of the
magnetic field. Reproduced from reference®! with permission. ...............ccccovevnnnee. 51

Figure 4. 7. Polarization dependence of Raman spectra for bilayer Crls and bulk Crls crystal. (a)
and (d) Polarization dependence of Raman spectra in the cross-polarization channel
measured from a pristine bilayer Crl3 and the bilayer Crls after pressure at 80 K. The four-
fold polarization dependence of the peak near 105 cm™ indicates the monoclinic stacking.
The absence of the four-fold polarization dependence indicates the rhombohedral stacking.
(b) and (e) The same measurements at 270 K. (¢) and (f) Polarization dependence of Raman
spectra in the cross-polarization channel measured from a bulk Crls crystal at 270 K and 80
K, respectively. Reproduced from reference®! with permission. ............cccocovveueee.e. 53

Figure 4. 8. Pressure control of interlayer magnetism in trilayer Crl3 spin-filter magnetic tunnel
junction. (a), (b) and (c¢) Tunneling current as a function of magnetic field under ambient
conditions (a, 0 GPa) and at selected hydrostatic pressure (b, 1.2 GPa) (c, 2.45 GPa)
measured at the same bias voltage (70 mV). Green (orange) curve corresponds to decreasing
(increasing) magnetic field. Insets in (a) show the corresponding magnetic states, the
measurement geometry (bottom left), and the optical microscope image of the trilayer Crl3
spin-filter MTJ device (bottom right). The purple and gray shadows show the trilayer Crl3
flake and few-layer graphene contacts. Insets in (¢) show the corresponding magnetic states

and the tunneling current measured while sweeping the bias voltage up (red) and down
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(blue). The sudden jump implies an irreversible change in the device. (d) Tunneling current
as a function of magnetic field at the highest pressure of 2.45 GPa after the sudden jump.
Insets in (d) show the corresponding magnetic states and the zoom-in view of the region
indicated by the red arrow. Reproduced from reference®! with permission. ............ 54
Figure 4. 9. Magnetic and layer stacking phases in trilayer Crls. (a) Spatial map of RMCD signal
at 2 T measured from the trilayer Crlz under ambient conditions after the device is removed
from the pressure cell. The trilayer Crls, bilayer Crls, and thin bulk Crls regions are labeled.
(b), (¢) and (d) RMCD signal as a function of magnetic field measured at the three selected
positions P, Q, and R indicated in (a), which exhibit AFM I, AFM II, and FM phases,
respectively. Green (orange) curve corresponds to decreasing (increasing) magnetic field.
Insets show the corresponding magnetic states. (e) Full map of the multiple magnetic
phases. (b), (¢) and (d) Maps of the magnetic domains identified by calculating the
difference of the RMCD maps at two selected magnetic fields for the AFM I, AFM 11, and
FM phases. Insets show the corresponding layer stacking and magnetic states. AFM I: two
antiferromagnetic interfaces. AFM II: one antiferromagnetic interface and one
ferromagnetic interface. FM: two ferromagnetic interfaces. Reproduced from reference®!
WItH PEIMISSION. 1..etieiiieeiiieiie ettt ettt ettt e et e st e et e st e e beesateenbeessbeebeesaseens 57
Figure 4. 10. Polarization dependence of Raman spectra for the trilayer Crls. (a), (b) and (¢)
Polarization dependence of Raman spectra in the cross-polarization channel measured at the
three selected positions P, Q, and R indicated in Fig. 4.9a, respectively, at 80 K. The four-
fold polarization dependence of the peak near 105 cm™ indicates the monoclinic stacking.
The absence of the four-fold polarization dependence indicates the rhombohedral stacking.
Reproduced from reference®! with permission. ............cccoeeeeeeeeeeeeeeeeeeeeennns 59
Figure 5. 1. Photovoltaic effect in Crls junction device. (a) Schematic of the four-layer Crl3
device in the magnetic ground state (T TY), with the top and bottom graphene contacts and
hBN encapsulation. (b) Tunneling current as a function of bias voltage measured from the
four-layer Crls device under dark conditions (black curve) and with 1 uW of 1.96 eV laser
excitation (red curve). Inset shows the zoom-in view of the generated photocurrent at zero
bias voltage (/ph) and the open-circuit voltage (Voc). (¢) Differential reflectance (AR/R, black

dots) and overlaid zero-bias photocurrent (/ph, blue squares) as a function of photon energy.
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The differential reflectance is measured from a trilayer Crl3 flake on sapphire substrate at -2
T. The zero-bias photocurrent is measured from the trilayer Crls device with an optical
power of 10 uW. Reproduced from reference!'® with permission............................ 62

Figure 5. 2. Spatial distribution of zero-bias photocurrent in Crls junction device. (a) Optical
microscope image of the trilayer Crls device. The overlap region between the top and
bottom graphene contacts is the junction region. (b) Spatial map of zero-bias photocurrent
measured from the same device at 0 T with an optical power of 1 uW. (¢) Spatial map of
RMCD signal measured from the same device at 0 T. Reproduced from reference!!® with
PEITIIISSION. ..eiieniieeutieiee et et e et e tee et e esteeeate e seeeabeebeeeabeenseeenbeenseesnseanseesnseeseesasaans 64

Figure 5. 3. Photocurrent dependence on magnetic order in four-layer Crls. (a) Zero-bias
photocurrent as a function of magnetic field measured the four-layer Crl3 device with an
optical power of 1 uW. Green (orange) curve corresponds to decreasing (increasing)
magnetic field. Inset shows the schematic of the device with laser excitation. (b) RMCD
signal as a function of magnetic field measured from the same device. Insets show the
corresponding magnetic states and the optical microscope image of the four-layer Crl3
device. (¢) Tunneling current as a function of magnetic field measured from the same device
at a selected bias voltage (80 mV) under dark conditions. Inset shows the schematic of the
device under dark conditions. Reproduced from reference''® with permission........ 66

Figure 5. 4. Photo-magnetocurrent effect in four-layer Crls junction device. (a) Photocurrent as a
function of bias voltage measured from the four-layer Crls device for the magnetic ground
state (TN T4 at 0 T, black curve) and the fully spin-polarized state (TT17 at 2.5 T, red
curve). (b) Magnitude of the photo-magnetocurrent ratio as a function of bias voltage,
which is extracted from the /ph-V curves in (a). The red shading indicates the bias voltage
range where |[MCph| tends to infinity. Inset shows the zoom-in view of the Ipn-V curves in (a).
Reproduced from reference!'® with permission. .............cooeeveveveueeeeeeeeeeeeennes 68

Figure 5. 5. Excitation power dependence of photo-magnetocurrent effect. (a) and (b) Excitation
power dependence of the photocurrent as a function of bias voltage measured from the
trilayer Crls device for the magnetic ground state (TN1 at 0 T, a) and the fully spin-
polarized state (TT1 at 2.5 T, b). (¢) Magnitude of the photo-magnetocurrent ratio as a

function of bias voltage and excitation power, which is extracted from the /ph-¥ curves in (a)
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and (b). (d) Open-circuit voltage as a function of excitation power extracted from the /ph-V
curves in (a) and (b) for the magnetic ground state (TVT at 0 T, black dots) and the fully

spin-polarized state (177 at 2.5 T, red dots). Reproduced from reference''® with permission.

Figure 5. 6. Helicity dependence of zero-bias photocurrent in trilayer Crls. (a) Zero-bias
photocurrent as a function of the quarter-wave plate angle for the T17 state (2 T, red dots)
and the {4 state (-2 T, black dots) measured from the trilayer Crls device with an optical
power of 10 uW. Vertical arrows represent the linear polarized incident laser excitation. (b)
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magnetic field measured from the same device with an optical power of 10 uW. The degree
of helicity is defined as Alph [67-6"]/(Ipn(c™) + Ipn(c")), which is shown on the right axis.
Green (orange) curve corresponds to decreasing (increasing) magnetic field. Insets show the
corresponding magnetic states and the schematic of the device with circularly polarized
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device. Insets show the corresponding magnetic states and the optical microscope image of
the trilayer Crls device. Reproduced from reference!!'¢ with permission. ................ 71

Figure 5. 7. Circular polarization-resolved differential reflectance (AR/R) spectra measured from
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substrate. Reproduced from reference''® with permission..............cccoceeveveveeverennne. 74

Figure 5. 8. Zero-bias photocurrent as a function of the quarter-wave plate angle for the 777
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photon energy for the 717 state (2 T, red dots) and the ¥4 state (-2 T, black dots) of

trilayer Crls. The differential reflectance is measured from the trilayer Crls flake on
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sapphire substrate at -2 T. The zero-bias photocurrent is measured from the trilayer Crl3

device with an optical power of 10 uW. Reproduced from reference!'® with permission.
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ABBREVIATIONS

2D — Two-dimensional

TMD - Transition metal dichalcogenides
hBN — Hexagonal boron nitride

Crls — Chromium triiodide

vdW — van der Waals

BZ — Brillouin Zone

CBM - Conduction band minimum
VBM - Valence band maximum

FM — Ferromagnetic

AFM — Antiferromagnetic

PDMS — Poly-dimethylsiloxane

PC — Polycarbonate

IPA — Isopropyl alcohol

PMMA - Poly (methyl methacrylate)
CCD — Charge-coupled device

EBL — Electron beam lithography

PL — Photoluminescence

SHG — Second harmonic generation
MCB — Magnetic circular birefringence

MCD — Magnetic circular dichroism
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RCP — Right-circularly polarized
LCP — Left-circularly polarized
MOKE — Magneto-optical Kerr effect

RMCD - Reflective magnetic circular dichroism
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Chapter 1. INTRODUCTION

1.1  TWO-DIMENSIONAL MATERIALS

The discovery of graphene has launched a new era of condensed matter physics and
materials science, providing a unique platform to explore emergent phenomena and engineer
device applications based on two-dimensional (2D) materials and their van der Waals (vdW)
heterostructures. Graphene as the first isolated 2D material is a single layer of carbon atoms
arranged into a 2D honeycomb lattice. It can be simply produced by nothing more than ordinary
office supplies, pencil lead, and adhesive tape!. This technique is commonly known as the “Scotch
tape method”, where a piece of adhesive tape is used to peel graphene flakes off of a chunk of
graphite — widely used as the lead in pencils, which is essentially a stack of graphene sheets bonded
together by vdW forces (Fig. 1.la-c). The exfoliated monolayer graphene exhibits unique
electronic properties and also high quality?, which can host massless Dirac fermions, and led to
emergent phenomena, such as the integer and fractional quantum Hall effects in monolayer
graphene’>.

Stimulated by the first isolation of monolayer graphene, researchers have been paying
growing attention to the search for other 2D materials, which can potentially host new physics and
cover the device functionalities. Luckily, the “Scotch tape method” as a mechanical exfoliation
approach, is not only limited to graphite but generally applicable to all the vdW materials, which
are formed by layers of covalently bonded atoms that are weakly held together by vdW forces.
Consequently, the family of 2D materials has been growing rapidly in the past decade, covering a
wide range of electronic and optical properties (Fig. 1.1d). In addition to 2D metals and semi-

metals, transition metal dichalcogenides (TMDs), as an example of 2D semiconductors, have a



2

direct bandgap in the visible range in their monolayer form®’. Monolayer TMDs also exhibit strong
excitonic effects, strong light-matter interactions, and spin- and valley-dependent properties,
which make them an ideal platform to develop 2D optoelectronic applications and explore spin-
valley coupled physics®1°. Hexagonal boron nitride (hBN) as an insulator has been commonly
used for encapsulation to avoid degradation and make high-quality devices'''2. The recent
additions to the family of 2D materials can host emergent electronic phenomena, for example,

13-15

superconductivity in NbSe2 and monolayer WTe2'3"1, charge density waves in TaS2', the

1719 "and ferroelectricity in few-layer WTe2?°. 2D

quantum spin Hall effect in monolayer WTe:
materials with long-range magnetic order have also been discovered recently, and uniquely

enabled the study of emergent phenomena and device applications in magnetic vdW

heterostructures, which will be the focus of this thesis.
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Figure 1.1. Two-dimensional materials. (a) Graphite bulk crystal. (b) The “Scotch tape method”.
(¢) Crystal structure of monolayer graphene and optical microscope images of typical exfoliated
graphene flakes on Si02/Si substrate. (d) A few examples of two-dimensional materials with an

increasing bandgap from left to right. Reproduced from reference®! with permission.



1.2 VAN DER WAALS HETEROSTRUCTURES

In addition to an increasingly diverse “toolbox” of 2D materials, advanced nanofabrication
techniques have been developed to vertically assemble different 2D materials into van der Waals
heterostructures with atomically sharp interfaces®>*. The basic principle is very simple: pick up a
monolayer flake, put it on top of another monolayer or few-layer flake, add another 2D flake, and
so on, where the constituent layers are held together by vdW forces (Fig. 1.2a). The resulting van
der Waals heterostructures have provided an ideal platform for the rational design of emergent

phenomena and device applications, mainly thanks to three great advantages.

S, e e

Figure 1.2. Van der Waals heterostructures. (a) Assembly of different 2D materials where the
constituent layers are held together by van der Waals forces. The resulting van der Waals
heterostructure is analogous to the building of LEGO blocks. (b) Moir¢ superlattice of magic-angle

twisted bilayer graphene. Reproduced from reference?? with permission.

The first is that this technique of mechanically assembled stacks can be generally
applicable to all the vdW materials, and creates atomically sharp interfaces without the need for
lattice matching. As a result, the unique properties of the constituent materials can be combined

into a single system for engineering interfaces, exploring proximity effects, and also improving
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device quality. The second is that the nanofabrication of multilayer structures facilitates complex
but feasible device geometries in vdW heterostructures for diverse electrical and optical
measurements. For example, dual gate geometry enables independent control over the doping and
electric field of the system, and nanometer-scale transport channels can be well defined by local
electrostatic gating. The third is that moiré superlattices can be created by stacking two 2D
materials together when there is a relative twist or a mismatched lattice constant (Fig. 1.2b). As an
example of heterobilayers, the moiré superlattices can be formed by aligning graphene and hBN,
which have led to the observation of Hofstadter’s butterfly and the fractal quantum Hall effect?*
26, More recently, the moiré superlattice of magic-angle twisted bilayer graphene, as an example
of homobilayers, was discovered to host exotic strongly correlated phenomena, including

superconductivity and correlated insulator states®”-2,

1.3 THESIS OUTLINE

In this thesis, we will explore emergent phenomena and device applications in magnetic
van der Waals heterostructures. Our focus is on the 2D magnet chromium triiodide (Crls) and its
vdW heterostructures. The contents will include 2D magnetism, giant tunneling magnetoresistance
effect, electrical control and pressure tunning of 2D magnetism, and spin photovoltaic effect.

In Chapter 2, we will investigate magnetism in 2D magnetic materials. We will first
introduce the basic properties of 2D magnet Crls and also discuss the magneto-optic effects we
employed as an optical probe to study 2D magnetism, which are magneto-optical Kerr effect and
magnetic circular dichroism. We will then demonstrate the first 2D ferromagnetism in monolayer
Crls, and the unique layered antiferromagnetism in few-layer Crls.

In Chapter 3, we will explore the giant tunneling magnetoresistance effect in vdW spin-

filter magnetic tunnel junctions. We will first introduce the tunneling magnetoresistance effect in
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conventional magnetic tunnel junctions, and discuss the double spin-filtering effect in spin-filter
magnetic tunnel junctions. We will then demonstrate tunneling magnetoresistance by using bilayer
Crls as a tunnel barrier, which can be dramatically enhanced with increasing Crls layer thickness.
We will also present that a pair of bistable magnetic states in four-layer Crls can be switched
reversibly by electrostatic gating in a dual-gated structure, demonstrating a new kind of voltage-
controlled vdW spintronic devices.

In Chapter 4, we will realize the pressure control of interlayer magnetism in atomically thin
Crls. We will first discuss the crystal structure of Crls with a focus on layer stacking, and consider
the stacking-dependent magnetism. We will then demonstrate the pressure control of interlayer
magnetism in bilayer Crl3, and present the switching of magnetic states via pressure tuning of layer
stacking. We will also investigate the coexisting domains of magnetic and layer stacking phases
in trilayer Crls.

In Chapter 5, we will investigate the spin photovoltaic effect in magnetic vdW
heterostructures. We will first introduce the photocurrent response of Crls junction devices, and
present the dependence of photocurrent on magnetic states in Crls. We will then report the helicity
dependence of photocurrent, and discuss the interplay between magnetic order and photon helicity
in absorption and photocurrent, demonstrating a proof-of-concept spin-optoelectronics device by

engineering magnetic vdW heterostructures.



Chapter 2. MAGNETISM IN TWO-DIMENSIONAL MAGNETIC
MATERIALS

In Chapter 2, we will investigate magnetism in 2D magnetic materials. We will first
introduce the basic properties of 2D magnet Crl3 and also discuss the magneto-optic effects we
employed as an optical probe to study 2D magnetism, which are magneto-optical Kerr effect and
magnetic circular dichroism. We will then demonstrate the first 2D ferromagnetism in monolayer

Crls, and the unique layered antiferromagnetism in few-layer Crls.

2.1 2D MAGNET CHROMIUM TRIIODIDE

Stimulated by the discovery of monolayer graphene, researchers have greatly expanded the
“toolbox” of 2D materials, which now covers almost all the functionalities. However, 2D materials
with long-range magnetic order, i.e., 2D magnets, were discovered only recently?-°. The main
challenge is that long-range magnetic order cannot be stabilized in the 2D isotropic Heisenberg
model at finite temperatures, due to the enhanced fluctuations in two dimensions, according to the
Mermin-Wagner theorem®'. However, this restriction can be lifted by breaking continuous
rotational symmetries through the introduction of magnetic anisotropy. As a result, if a 2D material
exhibits strong enough magnetic anisotropy, long-range magnetic order can be stabilized even
down to the monolayer limit, which is similar to the presence of magnetic order in the 2D Ising
model’*°,

One promising candidate is 2D material chromium triiodide (Crlz), which has a strong
magnetic anisotropy in the out-of-plane direction, and its bulk crystals already show

ferromagnetism below a Curie temperature of 61 K*’. Figure 2.1a shows the side and top views of

the crystal structure of monolayer Crls. In the upper panel, the purple and brown atoms represent



7

the Cr and I atoms, respectively. The Cr** ions are coordinated to six I” ions to form edge-sharing
octahedra arranged in a hexagonal honeycomb lattice. The arrows indicate the out-of-plane spin
orientation. In the bottom panel, to better illustrate the crystal structure, the three I atoms are
labeled in the top (orange) and bottom (blue) layers, which form equilateral triangles (solid and
dashed red lines, respectively).

The Crls layers are held together by vdW forces, and the layer stacking of bulk Crls crystal
exhibits a temperature dependence and a structural transition at about 220 K*7. At high
temperatures (above 220 K), bulk Crls crystal has monoclinic stacking (C2/m). It undergoes a
structural transition near 210-220 K and becomes rhombohedral stacking (R3) at low temperatures.
However, this structural transition is usually absent in exfoliated few-layer Crls. As a result, the
layer stacking of exfoliated few-layer Crl3 remains to be monoclinic at low temperatures, which is
different from bulk Crls crystal. This difference of the layer stacking between few-layer Crls flakes
and bulk Crls crystal plays an important role in determining the interlayer magnetism. This led to
the surprising discovery of the unexpected layer-dependent magnetism when the exfoliated few-
layer Crl3 flakes were studied for the first time®’. This stacking-dependent interlayer magnetism is
also closely related to the pressure control of interlayer magnetism in atomically thin Crl3, which

will be the focus of Chapter 4.
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Figure 2.1. Monolayer Crls. (a) Crystal structure of monolayer Crls with the side (upper) and top
(bottom) views. In the upper panel, the purple and brown atoms represent the Cr and I atoms,
respectively. The arrows indicate the out-of-plane spin orientation. In the bottom panel, the three
I atoms are labeled in the top (orange) and bottom (blue) layers, which form equilateral triangles
(solid and dashed red lines, respectively). (b) MOKE signal, 0k, as a function of magnetic field,
uoH, measured from a monolayer Crls at 15 K. Green (orange) curve corresponds to decreasing

(increasing) magnetic field. Reproduced from reference®” with permission.

The bulk Crls crystal can be mechanically exfoliated onto SiO2/Si substrate down to the
monolayer limit by using the Scotch tape method. The thickness of Crls flakes can be identified
by their optical contrast relative to the substrate using the established optical contrast model of
Crl3®. Although the bulk Crl3 crystal seems to be stable under ambient conditions, the few-layer
Crls flakes can degrade immediately after being exfoliated. The main degradation pathway of Crls
is found to be the photocatalytic substitution of iodine by water*®. To overcome this challenge,
few-layer Crls flakes need to be exfoliated in an inert gas glove box with water and oxygen

concentration <0.5 ppm. To carry out the later optical or electrical measurements, the solution is
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to sandwich the CrIs flakes between the top and bottom hBN flakes. In the resulting heterostructure
sandwich, the encapsulated Crls flake is no longer directly exposed to water in the air and thus

remains intact under ambient conditions.

The magnetic order in the exfoliated few-layer Crls can be probed by the magneto-optic
effects. In this thesis, we mainly employed the magneto-optical Kerr effect and magnetic circular
dichroism as an optical probe of the out-of-plane magnetization in Crls, which we will discuss in
detail in Section 2.2. Here we start with magneto-optical Kerr effect (MOKE) measurement, which
is an optical technique that detects the rotation of reflected linearly polarized light induced by the
magnetic circular birefringence of the out-of-plane magnetization. Figure 2.1b shows the MOKE
signal, 0k, as a function of magnetic field, xoH, measured from a monolayer Crls at 15 K. The Kerr
rotation shows a clear magnetic hysteresis loop, a hallmark of ferromagnetism, demonstrating the
first 2D monolayer with intrinsic magnetic order. Furthermore, the remanent signal at uoH =0T
is nearly the same as the saturated signal at uo/ = 0.5 T, i.e., the spin-flip transition at uoH =0T
is very sharp, imply Ising ferromagnetism in monolayer Crls. A temperature dependence
measurement was also carried out to measure the Curie temperature of monolayer Crls. The
remanent signal and magnetic hysteresis loop decrease as the temperature increases, and go to zero
at about 45 K, showing a transition from ferromagnetism to paramagnetism. This suggests that the
Curie temperature of monolayer Crl3 is about 45 K, which is slightly lower than that of bulk Crl3

crystal?’.

2.2 MAGNETO-OPTICAL KERR EFFECT AND MAGNETIC CIRCULAR DICHROISM

In this section, we are going to shift our focus to investigating the optical techniques and

magneto-optic effects we employed to probe the magnetic order in the exfoliated few-layer Crls.
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We first note that the exfoliated flakes of 2D magnetic materials are usually limited to micrometer-
scale size, and are atomically thin. This is typically too small to provide a measurable signal for
conventional magnetic probes, which are commonly used for millimeter-scale bulk crystals, for
example, neutron scattering, X-ray magnetic circular dichroism, vibrating-sample magnetometry,
and superconducting quantum interference device (SQUID) magnetometry. Instead, magneto-
optic effects provide very powerful methods to identify various types of magnetic orders in 2D
flakes with both high sensitivity and submicrometer resolution. In particular, we will focus on
magnetic circular birefringence and dichroism in this section. On the other hand, the electrical
techniques that can probe magnetic orders will be discussed in detail in Chapter 3.

When a sample is magnetized with an out-of-plane magnetization, M, the material will
exhibit both magnetic circular birefringence (MCB) and magnetic circular dichroism (MCD)
shown in Fig. 2.2. That is, MCB induces a phase difference between right-circularly polarized
(RCP) and left-circularly polarized (LCP) light, while MCD incurs an amplitude difference
between RCP and LCP light. Both effects can be derived from the complex optical conductivity
of the material, which is directly related to its out-of-plane magnetization. When the linearly
polarized incident light, an equal superposition of RCP and LCP light, is reflected off the surface
of the magnetized material. The phase difference between RCP and LCP light causes the Kerr
rotation of the linear polarization, dk, from the polar magneto-optical Kerr effect (MOKE), which
is determined by the imaginary part of the complex optical conductivity. The amplitude difference
between RCP and LCP light induces the ellipticity of the polarization from reflective magnetic
circular dichroism (RMCD), which is determined by the real part of the complex optical
conductivity. The resulting MOKE and RMCD signals can serve as an ideal probe of the out-of-

plane magnetization. For example, both MOKE and RMCD signals from a monolayer Crls show
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a clear magnetic hysteresis loop and a large remanent signal at zero magnetic field. However, we
note that extracting quantitative values of the optical conductivity and out-of-plane magnetization
from the magnetic layer in a multilayer structure is challenging, due to the complex thin-film

interference from multiple reflections at different interfaces.

Ok
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Figure 2.2. Magnetic circular birefringence and dichroism. The linearly polarized incident light is

reflected by a sample with an out-of-plane magnetization, where the Kerr rotation and the

ellipticity of the polarization are induced.

In practice, both MOKE and RMCD measurements are performed in a closed-cycle helium
cryostat with a base temperature of 1.6 K. A power-stabilized 632.8 nm (1.96 ¢V) HeNe laser
excites the sample at normal incidence with fixed power of about 100 nW. Magnetic fields of up
to 9 T can be applied in the out-of-plane direction using a superconducting magnet. The incidence
light first goes through a linear polarizer, and the intensity and polarization modulation is induced
by a mechanical chopper and photoelastic modulator (PEM), respectively. The modulated incident
light is then directed through a beam splitter to the sample, and the reflected light is collected by a
silicon avalanche photodetector. The output signal is measured by two lock-in amplifiers at the

chopper and PEM frequencies, corresponding to the reflection and PEM signals, respectively. The
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MOKE and RMCD signals can be then derived from the resulting reflection and PEM signals®.

The MOKE signal is defined as the polarization rotation angle, and the RMCD signal is defined
as (Rrcp — Rice)/(Rrep + Rice)/2, where Rrep (Ricp) represents refection amplitude for right (left)

circularly polarized light.

2.3  ANTIFERROMAGNETIC INTERLAYER COUPLING IN BILAYER CRI;

Considering both monolayer Crls and bulk Crls crystal exhibit ferromagnetism, one may
expect that the exfoliated Crls flakes of any thickness between monolayer and bulk should be all
simply ferromagnetic. However, this is not true, and it is very surprising to find that the exfoliated
bilayer Crls is actually layered antiferromagnetic (A-type AFM) when it was measured for the first
time?’. This discrepancy is originated from the difference of the layer stacking between few-layer
Crls flakes and bulk Crls crystal, which plays an important role in determining the interlayer

magnetism, and will be discussed in detail in Chapter 4.
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Figure 2. 3. Antiferromagnetic interlayer coupling in bilayer Crls. (a) Schematic of magnetic states
in bilayer Crls. (Left) Layered antiferromagnetic ground state at zero magnetic field. (Right) Fully
spin-polarized states above the out-of-plane critical magnetic field. (b) MOKE signal, 6k, as a
function of magnetic field, uoH, measured from a bilayer Crls at 15 K. Green (orange) curve
corresponds to decreasing (increasing) magnetic field. Insets show the corresponding magnetic

states. Reproduced from reference®® with permission.

In bilayer Crls, the layered antiferromagnetic (A-type AFM) structure is that the spins align
ferromagnetically out of plane within each layer, the same as monolayer Crls, but are coupled
antiferromagnetically between the two Crl3 layers, which is shown in Fig. 2.3a (left). As a result,
the opposite magnetizations in the two Crls layers result in vanishing net magnetization, and thus
a nearly zero MOKE signal at zero magnetic field (Fig. 2.3b). The magnetic ground state is either
the T or TV state, where the arrows indicate the out-of-plane magnetizations in the top and bottom

layers, respectively. Since the antiferromagnetic interlayer coupling is relatively weak, the
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magnetizations of the two Crls layers can be fully aligned in the same direction by applying an
out-of-plane magnetic field as shown in Fig. 2.3a (right). The spin-flip transitions happen at about
+0.7 T (the out-of-plane critical magnetic field), corresponding to the abrupt increase in the MOKE
signal. The resulting fully spin-polarized states are the T1 and {{ states, which corresponds to the

two large plateaus of MOKE signal with opposite signs on the two sides (Fig. 2.3b).

2.4  LAYERED ANTIFERROMAGNETISM IN FEW-LAYER CRI3

Now we know that monolayer Crls is ferromagnetic and bilayer Crls is layered
antiferromagnetic, a natural question is arising now: what is the magnetic order in a thicker Crl3?
Figure 2.4a shows the normalized MOKE and RMCD signals of mono- to four-layer Crls as a
function of magnetic field. We first note that each monolayer of Crls should be ferromagnetic,
while the interlayer coupling is antiferromagnetic between adjacent Crls layers, as demonstrated
in the monolayer and bilayer Crls cases. For the trilayer and four-layer Crls cases, similar layer-
by-layer switching behavior is observed as a function of magnetic field in the MOKE signals.
Moreover, the number of magnetic states (or magnetization plateaus in the MOKE signal) also
increases as the Crls layer thickness increases, and we get a conclusion that there are N+1 magnetic

states for an N-layer Crls (up to 4).
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Figure 2. 4. Layered antiferromagnetism in few-layer Crls. (a) Normalized MOKE and RMCD
signals of mono- to four-layer Crls as a function of magnetic field. Green (orange) curve
corresponds to decreasing (increasing) magnetic field. (b) RMCD signal of trilayer Crls as a
function of magnetic field. Insets show the corresponding magnetic states of trilayer Crl3. The ratio
between the RMCD signals of the four magnetic states is close to -3:-1:1:3. (¢) RMCD signal of
four-layer Crls as a function of magnetic field. Insets show the corresponding magnetic states of

29,40

four-layer Crls. Reproduced from reference””" with permission.

We now investigate the trilayer Crls case. Since there are three ferromagnetic layers in
trilayer Crls and they are antiferromagnetically coupled, the magnetic ground at zero magnetic
field should be either the TN T or T state. As shown in Fig. 2.4b, these two magnetic states

match well with the two plateaus of relatively small RMCD signal with opposite signs and the
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magnetic hysteresis loop centered at zero magnetic field. Similar to the bilayer Crls case, the
magnetizations of the three Crls layers can be fully aligned in the same direction by applying an
out-of-plane magnetic field, and the resulting fully spin-polarized states should the 711 and {44
states. These two magnetic states match well with the two plateaus of relatively large RMCD signal
with opposite signs on the two sides.

The RMCD signal can also serve approximately as a quantitative probe of the relative net
magnetization for different magnetic states. If we assume the saturation magnetization of
monolayer Crls is Ms, the net magnetizations of the T, UM, 1T and LA states will be +£1 M
and £3 M;, respectively. These net magnetizations agree well with the ratio between the observed
RMCD signals of the four magnetic states, which is close to -3:-1:1:3. However, we note that the
ratio between the RMCD signals can have a deviation from the relative net magnetizations of the
magnetic states, due to the complex thin-film interference in a multilayer structure and the
difference of the electronic structure for different magnetic states. Furthermore, we find the spin-
flip transition from the TN T state to the TT1 state happens at about 1.5 T, which is about twice the
critical magnetic field of bilayer Crls. This can be explained as follows. The spin-flip transitions
in few-layer Crls happen when the magnetic field is swept at a critical value that the Zeeman
energy overcomes the antiferromagnetic interlayer coupling. Since the middle layer of trilayer Crl3
is antiferromagnetically coupled to the top and bottom layers, trilayer Crls has two
antiferromagnetic interfaces, while bilayer Crl3 only has one antiferromagnetic interface. As a
result, the ratio between the critical magnetic fields of trilayer Crls and bilayer Crls is about 2:1.

We next investigate the four-layer Crls case. Since four-layer Crls has four ferromagnetic
layers that are antiferromagnetically coupled, the magnetic ground at zero magnetic field should

be either the TN T or T4 7T state, corresponding to nearly zero RMCD signal at zero magnetic
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field, as shown in Fig. 2.4c. The fact that the RMCD signal is not exactly zero can be attributed to

the asymmetry of the Crls layers caused by the fabrication process. Similar to the bilayer and
trilayer Crls cases, the magnetizations of the four Crls layers can be fully aligned in the same
direction by applying an out-of-plane magnetic field, and the resulting fully spin-polarized states
are the TTT71 and L4 states, corresponding to the two plateaus of relatively large RMCD signal
with opposite signs on the two sides.

We find that the RMCD signal of four-layer Crls also shows additional intermediate
plateaus. With the assumption that the saturation magnetization of monolayer Crls is Ms, the net
magnetizations of the TV T, J TN T, TT17T and L4 states will be 0 Ms and £4 M, respectively.
Since the intermediate plateaus are at about half the values in the fully spin-polarized states, the
corresponding magnetic states should have half the net magnetization of the fully spin-polarized
states, which are +2 Ms. Considering the magnetic state should have one layer polarized opposite

to the other three, there are four possible magnetic states for the intermediate plateau at positive
magnetic field, {'N«TT, T I, TTTJ«}, and the four time-reversal copies, {J«T»L»L, WIN,

NI, LY, are for the intermediate plateau at negative magnetic field. However, these possible
magnetic states should be indistinguishable in the RMCD signal because of the same net
magnetization. To identify the specific magnetic states corresponding to the intermediate plateaus
will require a means to distinguish the magnetization of individual layers. One possible way is to
measure electron tunneling, where the tunneling current is likely to be sensitive to the position of
the one layer with the minority magnetization due to the spin-filtering effect, which will be

discussed in detail in Chapter 3.
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2.5 MONTE CARLO SIMULATIONS OF LAYERED ANTIFERROMAGNETISM

The magnetic order in Crl3 in the few-layer limit is layered antiferromagnetic with out-of-

plane magnetic anisotropy. This has also been observed in metallic and all-oxide synthetic

41-43 144

magnetic multilayer films™*'~, and can be described by the Ising model™, where the spins in each
layer have ferromagnetic intralayer coupling, while the interlayer coupling is antiferromagnetic.
The Monte Carlo simulations performed for this Ising model are in good agreement with the

RMCD signals and the magnetizations of bilayer, trilayer, and four-layer Crls.

We simulated the magnetic order in few-layer Crls by choosing the Ising model based on
the Crls crystal structure, using the Monte Carlo method with classical Ising spins (S = +1). The
Ising model consists of N ferromagnetic layers, where each layer is a L X L honeycomb lattice with
one spin at each lattice site, corresponding to each Cr atom site. The intralayer nearest-neighbor
coupling is ferromagnetic, corresponding to a positive exchange coupling ( Jintrq )- The
antiferromagnetic interlayer coupling is implemented by a negative exchange coupling (Jinter)
between the nearest-neighbor sites in adjacent layers. The Hamiltonian of the Ising model is

defined as

N

1 1
H = Z(_ E]intra Z Sn,iSn,j - E]inter Z Sn,iSnil,i —H Z Sn,i)'
i

n=1 <ij> i
where S, ; is the spin on the i site of the n layer, and H is the external magnetic field.

The magnetization as a function of magnetic field was simulated using the Metropolis
Monte Carlo algorithm by flipping the individual spin on each site one-by-one. We simulated a
50 x 50 honeycomb lattice with periodic boundary conditions. We set Jintrq = —Jinter = 1, and

express the external magnetic field (H) in the unit of J;;,;.,-. We chose to simulate at a selected
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temperature (T = 0.5 T,) to allow the spins to fluctuate and avoid trapping in a local energy-

minimum state. 2000 X N X L X L Monte Carlo steps were performed to make sure the system

reached a quasi-equilibrium state at each magnetic field, then the net magnetization was calculated.
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Figure 2. 5. Monte Carlo simulations of symmetric few-layer Crls. All the layers of bilayer Crl3

(a), trilayer Crls (b), and four-layer Crls (c¢) are assigned the same spin value S = +1. Green
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(orange) curve corresponds to decreasing (increasing) magnetic field. M, is the saturation

magnetization of monolayer Crls. Reproduced from reference*” with permission.

The simulated magnetizations of bilayer, trilayer, and four-layer Crls as a function of
magnetic field are shown in Fig. 2.5, a, b, and c, respectively, which are in good agreement with
the RMCD signals and the magnetizations, except for the finite non-zero RMCD signals at zero
magnetic field in the bilayer and four-layer Crls. This is because, in the simulations, we assumed
that the spins of each layer are identical, and have the same spin value S = +1. However, in the
experiment, the symmetry between the top and bottom layers of Crls can be broken during the
fabrication process, such as the asymmetry induced by the top and bottom few-layer graphene
contacts and hBN flakes. To simulate an asymmetric bilayer Crls, we slightly changed the spin
values of the top and bottom Crls layers to break this symmetry. Figure 2.6a shows the simulated
magnetization of an asymmetric bilayer Crlz with the spin values § = £1.05 and S = £0.95 for
the top and bottom layers, respectively. Similar simulated magnetization of an asymmetric four-
layer Crls is shown in Fig. 2.6b. The finite non-zero magnetizations of the asymmetric bilayer and
four-layer Crls agree well with the finite non-zero RMCD signals, supporting the assumption of

symmetry breaking in Crls.
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Figure 2. 6. Monte Carlo simulations of asymmetric bilayer and four-layer Crls. (a) Bilayer Crl3

is assigned the spin values S = £1.05 and S = +0.95 for the top and bottom layers, respectively.
(b) Four-layer Crl3 is assigned with the spin values S = +1.1,S = +1,S = +1,and S = £0.9 for
the four layers from top to bottom, respectively. In both the bilayer and the four-layer Crls, the
different spin amplitudes between each layer — equivalent to breaking the up-down symmetry —
results in the appearance of the spontaneous magnetization at zero magnetic field. Reproduced

from reference*® with permission.
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Chapter 3. GIANT TUNNELING MAGNETORESISTANCE IN VAN

DER WAALS MAGNETIC TUNNEL JUNCTIONS

In Chapter 3, we will explore the giant tunneling magnetoresistance effect in vdW spin-
filter magnetic tunnel junctions. We will first introduce the tunneling magnetoresistance effect in
conventional magnetic tunnel junctions, and discuss the double spin-filtering effect in spin-filter
magnetic tunnel junctions. We will then demonstrate tunneling magnetoresistance by using bilayer
Crls as a tunnel barrier, which can be dramatically enhanced with increasing Crls layer thickness.
We will also present that a pair of bistable magnetic states in four-layer Crls can be switched
reversibly by electrostatic gating in a dual-gated structure, demonstrating a new kind of voltage-

controlled vdW spintronic devices.

3.1 MAGNETIC TUNEL JUNCTION

Magnetic multilayer devices that exploit magnetoresistance are the backbone of magnetic
sensing and data storage technologies. The conventional device geometry consists of two magnetic
layers separated by a thin non-magnetic spacer layer as shown in Fig. 3.1a. This spacer layer can
be either a non-magnetic metal or an insulator as a tunnel barrier, where the giant
magnetoresistance (GMR) or tunnel magnetoresistance (TMR) effect can be realized. Figure 3.1b
shows that the electrical resistance can be controlled as the magnetization direction of the two
ferromagnetic layers is switched individually by an external magnetic field. The resistance is
relatively large or small when the two magnetizations are in antiparallel or parallel alignment,
respectively. To achieve the antiparallel and parallel magnetic states by applying an external
magnetic field, one of the two magnetizations needs to be fixed or stationary. This can be done in

mainly two ways. (1) Induce a different coercive field by making one ferromagnetic layer much
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thicker than the other, which thus requires a stronger external magnetic field to flip it. (2) Bring
one ferromagnetic layer in contact with an antiferromagnetic layer to induce an effective field, so
that the ferromagnetic layer is pinned by the exchange bias. In both cases, one layer becomes the

pin layer, and the other one is the free layer as shown in Fig. 3.1b.

b Resistance

Parallel (R,) b
Free layer Q

Barrier layer
Pin layer

d

upper contact /

insulator

(tunnel barrier)
lower contact ,

Resistance: large
Current: small

Antiparallel (Rg;)

Resistance: small
Current: large

Magnetic field

Figure 3. 1. Tunneling magnetoresistance effect in magnetic tunnel junctions. (a) Schematic of
magnetic tunnel junction which consists of two magnetic layers separated by an insulator as a
tunnel barrier. (b) The electrical resistance of the magnetic tunnel junction is relatively large or
small when the two magnetizations are in antiparallel or parallel alignment, respectively, which

can be controlled by an external magnetic field.

For the GMR effect that occurs in spin valves, the spacer layer is a non-magnetic metal,
and the effect is based on the dependence of electron scattering on spin orientation*#’. This was
first discovered in the Fe/Cr/Fe multilayer system, and the 2007 Nobel Prize in Physics was
awarded to Albert Fert and Peter Griinberg for the discovery of GMR. For the TMR effect that
occurs in magnetic tunnel junctions (MTJs), the spacer layer is an insulator as a tunnel barrier. The
TMR effect was originally discovered in 1975 but did not attract much attention at that time*®.
Large TMR ratio was later observed at room temperate in 1995, simulating broad extensive

research into MTJs***°. Most of the early studies of MTJs used an aluminum oxide insulator layer
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as the tunnel barrier, which is amorphous and thus heavily disordered. A relatively large TMR
effect can be achieved, and the TMR ratio is mostly determined by the spin density of states of the
two ferromagnetic electrodes, which can be well described by the Julliere formula. In 2004, a
significant enhancement of TMR ratio was obtained in the Fe/MgO/FeCo system, which originates
from the symmetry filtering in the crystalline tunnel barrier with lattice matching®'*?, and the TMR

ratio demonstrated experimentally has continued to increase rapidly™.

3.2  SPIN-FILTERING EFFECT

Spin filter, on the other hand, can realize a giant TMR effect by taking an alternative
approach>, which utilizes a magnetic tunnel barrier to manipulate the spins of the tunneling
electrons through the spin-filtering effect. When unpolarized electrons tunnel through a magnetic
tunnel barrier, the spin-up and spin-down electrons are selectively filtered by the spin-dependent
tunneling probability, which originates from the distinct tunnel barrier heights for the majority and
minority spin channels. As shown in Fig. 3.2a, after tunneling through a magnetic tunnel barrier
as a spin filter, the unpolarized electrons from a non-magnetic electrode will become highly spin-
polarized.

The giant TMR effect can be produced by the double spin-filtering effect in a spin-filter
magnetic tunnel junction. Different from the conventional MTJs based on the magnetism in the
two ferromagnetic electrodes, the spin-filter MTJs utilize the magnetism of the magnetic tunnel
barriers, which consist of NM/SF/SF/NM or NM/SF/spacer layer/SF/NM. Here, NM represents
the non-magnetic electrode, and SF represents the spin filter. Figure 3.2b shows that when the
magnetizations of the two spin filters are in antiparallel alignment, the tunneling current is small
because the spin-conserving tunneling of an electron through the two layers in sequence is

suppressed. This suppression is removed, and the tunneling current becomes large when the
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magnetizations of the two spin filters are aligned in parallel as shown in Fig. 3.2¢c. Switching the
two spin filters between antiparallel and parallel states can produce a large TMR effect, which was

first observed demonstrated in the Al/EuS/Al>203/EuS/Al system>>-°,
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Figure 3. 2. Double spin-filtering effect in spin-filter magnetic tunnel junctions. (a) Spin-filtering
effect in a magnetic tunnel barrier. (b) The resistance is large when the two spin filters are in
antiparallel alignment. (¢) The resistance is small when the two spin filters are aligned in parallel.

Reproduced from reference®® with permission.

3.3 BILAYER CRI3 SPIN-FILTER MAGNETIC TUNNEL JUNCTION

The unique layered antiferromagnetism we have discussed in detail in Chapter 2 makes
few-layer Crls desirable for realizing atomically thin magnetic multilayer devices based on the
spin-flitering effect. As shown in Fig. 3.3, when the magnetizations of the two layers in a bilayer
Crls are switched between antiparallel (left) and parallel states (middle and right), giant TMR
effect can be produced by the double spin-filtering effect, where each Crl3 layer serves as a spin
filter. Compared with the conventional magnetic multilayer devices which require different
choices of metallic or insulating, magnetic or non-magnetic layers, the layered antiferromagnetic

structure of bilayer Crls avoids the need for fabricating separate spin filters with the spacer layer
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and the requirement for lattice matching. This guarantees sharp atomic interfaces between spin

filters, which is crucial for achieving a giant TMR effect.
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Figure 3. 3. Magnetic states in bilayer Crls. (a) Layered antiferromagnetic state which suppresses
the tunneling current at zero magnetic field due to the double spin-filtering effect. (b) Fully spin-
polarized state with out-of-plane magnetizations where the suppression is removed. (¢) Fully spin-
polarized state with the magnetizations aligned in the in-plane direction where the suppression is

also removed. Reproduced from reference*® with permission.

To study the giant TMR effect in vdW heterostructures, we explore the spin-filter MTJs
based on atomically thin Crl3**7?. Figure 3.4a shows the essential structure of the spin-filter
MT]J, which consists of two few-layer graphene contacts separated by a thin Crl3 layer as the tunnel
barrier. The spin-filter MTJ is further encapsulated between two hBN flakes to avoid degradation.
As shown in Fig. 3.4a, a DC bias voltage (V) is applied to the top graphene contact while the
bottom graphene contact is grounded. The resulting tunneling current (/) is amplified and acquired
by a current preamplifier. Figure 3.4b shows an optical microscope image of a typical bilayer Crls
device, which is obtained by stacking exfoliated 2D materials using a dry transfer process in a

glovebox. The tunneling junction area is less than ~1 pm? to avoid effects caused by lateral
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magnetic domain structures®>*°. We note that all the measurements discussed in this Chapter were

carried out at a temperature of 2 K, unless otherwise specified.
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Figure 3. 4. Bilayer Crls spin-filter magnetic tunnel junction. (a) Schematic of spin-filter magnetic
tunnel junction with bilayer Crl3 functioning as the spin filters sandwiched between two few-layer
graphene contacts. (b) Optical microscope image of a typical bilayer Crls device. The red dashed

line shows the position of the bilayer Crl3. Reproduced from reference*® with permission.

We have made and investigated devices with bilayer, trilayer, and four-layer Crls for this
study. We begin with the case of bilayer Crls for simplicity, and the trilayer and four-layer Crls
cases will be discussed in detail in Section 3.4. Figure 3.5a shows the tunneling current (/i) as a
function of the applied DC bias voltage (V) measured at selected magnetic fields (uoH). Different
from the tunneling devices using non-magnetic hBN or TMDs as the tunnel barrier®' %, the -V
curve exhibits a strong magnetic field dependence. As shown in Fig. 3.5a, the tunneling current is
much smaller at 0 T (purple trace) than it is in the presence of an out-of-plane field (red trace) or
an in-plane field (green trace). This magnetic field dependence of the tunneling current implies a

spin-dependent tunneling probability related to the magnetic structure of bilayer Crls.
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Figure 3. 5. Tunneling current of bilayer Crls spin-filter magnetic tunnel junction. (a) Tunneling
current as a function of bias voltage measured from the bilayer Crls spin-filter MTJ at selected
out-of-plane and in-plane magnetic fields. Insets show the schematic of the magnetic states for
each -V curve. (b) TMR ratio as a function of bias voltage for out-of-plane and in-plane magnetic

fields, calculated from the /- curves in (a). Reproduced from reference*” with permission.

To investigate the connection between the magnetic states of bilayer Crls and the observed
magnetoresistance, we next measure the tunneling current as a function of out-of-plane magnetic
field measured at a particular bias voltage (-290 mV). The green and orange curves in Fig. 3.6b
correspond to decreasing and increasing magnetic fields, respectively. The tunneling current
exhibits plateaus with mainly two values, about -36 nA and -155 nA. The small current plateau is
observed at low magnetic fields, and there is a sharp jump to the large current plateau when the
magnetic field exceeds a critical value. We also employ reflective magnetic circular dichroism
(RMCD) measurement to probe the out-of-plane magnetization of the bilayer Crls near the
tunneling area. Figure 3.6a shows the RMCD signal as a function of magnetic field measured under
the same experimental conditions. The RMCD signal is small at low magnetic fields,

corresponding to the layered antiferromagnetic ground state (either T4 or T), where the arrows
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indicate the out-of-plane magnetizations in the top and bottom layers, respectively. As the
magnitude of the magnetic field exceeds a critical value, the RMCD signal becomes large
corresponding to the fully spin-polarized states (TT and V), consistent with the layered

antiferromagnetism of bilayer Crls we have discussed in detail in Chapter 2.
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Figure 3. 6. TMR effect in bilayer Crl3 spin-filter magnetic tunnel junction. (a) RMCD signal as a
function of out-of-plane magnetic field measured at zero bias voltage. Green (orange) curve
corresponds to decreasing (increasing) magnetic field. Insets show the corresponding magnetic
states. (b) Tunneling current as a function of out-of-plane magnetic field measured at a selected
bias voltage (-290 mV). Inset shows the measurement geometry. (¢) Tunneling current as a
function of in-plane magnetic field measured at the same bias voltage (-290 mV). Insets show the

corresponding magnetic states. Reproduced from reference*” with permission.
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The direct comparison of the tunneling current and RMCD signals provides a natural
explanation of the large TMR effect. For either the T4 or T\ state at low magnetic fields, the
tunneling current is small because spin-conserving tunneling of an electron through the two layers
in sequence is suppressed. The sharp jump in the tunneling current occurs when the magnetic field
drives the bilayer into the TT and 4 states, and this suppression is removed. This can be
understood as the double spin-filtering effect, which produces the large TMR effect observed in
bilayer Crls spin-filter MT]J.

We quantify the TMR ratio by (Rap - Rp)/Rp, where Rap and Ry are the DC resistances
measured at a given bias with anti-parallel and parallel spin alignment in bilayer Crls, respectively.
Figure 3.5b shows the TMR ratio as a function of bias voltage for out-of-plane and in-plane
magnetic fields calculated from the /+-V curves in Fig. 3.5a. The peak TMR ratio achieved is about
310% and 530% for out-of-plane and in-plane magnetic fields, respectively.

The fact that the TMR ratio for in-plane magnetization is larger than for out-of-plane
magnetization implies anisotropic magnetoresistance, which is a common feature in
ferromagnets® and is a sign of anisotropic spin-orbit coupling stemming from the layered structure
of Crls. The TMR ratio is peaked at a certain bias and also asymmetric between positive and
negative bias voltage. These observations are similar to the spin-filter MTJs based on EuS thin
films, where the asymmetry is caused by the different thickness and coercive fields of the two EuS
spin-filters®. Similarly, the asymmetric TMR ratio implies that the device lacks up-down
symmetry, which can be possibly broken during the fabrication process, such as the asymmetry
induced by the top and bottom few-layer graphene contacts and hBN flakes. This broken symmetry
can manifest the finite non-zero RMCD signals at zero magnetic field in Fig. 3.6a, which has been

discussed in detail in Section 2.5.
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To further investigate magnetic anisotropy, we measure the tunneling current as a function
of in-plane magnetic field measured. As shown in Fig. 3.6c¢, the tunneling current is smallest at
zero magnetic field, and smoothly increases with the magnitude of the in-plane magnetic field.
This behavior can be naturally interpreted as a spin-canting effect. When the magnitude of the in-
plane magnetic field exceeds about 4 T, the magnetizations are completely aligned in the in-plane
direction, and thus the tunneling current saturates. The magnetic anisotropy field can be estimated
to be ~3.8 T*°, which is much larger than the out-of-plane critical magnetic field of about £0.6 T
as shown in Fig. 3.6a. These observations, therefore, demonstrate a large out-of-plane magnetic

anisotropy in bilayer Crls.

3.4  GIANT TUNNELING MAGNETORESISTANCE IN FEW-LAYER CRI3 MAGNETIC
TUNNEL JUNCTIONS

We next investigate the trilayer and four-layer Crls cases. Figures 3.7a and b show the
RMCD signal and tunneling current, respectively, as a function of out-of-plane magnetic field
measured from a trilayer Crls spin-filter MTJ device. There are mainly four plateaus in the RMCD
signal (-14%, -5%, 5%, and 15%), and the ratio between them is close to -3:-1:1:3. Based on the
layered antiferromagnetism of trilayer Crls we have discussed in detail in Chapter 2, we can
identify the magnetic ground state of the trilayer Crls as either TN T or 4T at zero magnetic field.
As a result, we observe that the RMCD signal at zero magnetic field is about 1/3 of the saturated
magnetization of the fully spin-polarized states (717 and 44).

Resembling the bilayer case, the TN T and T\ states function as three oppositely aligned
spin filters in series, which suppress the tunneling current and correspond to the small current
plateau at low magnetic fields. Applying high enough magnetic fields drive the trilayer into the

fully spin-polarized states (TT1 and 4{4), which enhance the electron tunneling and correspond
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to the large current plateaus at high magnetic fields, as shown in Fig. 3.7b. Similarly, Fig. 3.7c

shows the TMR ratio as a function of bias voltage for out-of-plane and in-plane magnetic fields
calculated from the /+-V curves in the inset. The peak TMR ratio achieved is about 2,000% and
3,200% for out-of-plane and in-plane magnetic fields, respectively, revealing a drastically

enhanced TMR effect compared to the bilayer devices.
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Figure 3. 7. Large TMR effect in trilayer Crls spin-filter magnetic tunnel junction. (a) RMCD
signal as a function of out-of-plane magnetic field measured at zero bias voltage. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. Insets show the corresponding
magnetic states. (b) Tunneling current as a function of out-of-plane magnetic field measured at a
selected bias voltage. Inset shows the measurement geometry. (¢) TMR ratio as a function of bias
voltage for out-of-plane and in-plane magnetic fields, calculated from the /i-¥ curves in the inset.

Reproduced from reference*® with permission.
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Increasing the Crls thickness beyond three layers can unlock more complicated magnetic
states, so we investigate the four-layer Crls case. Figures 3.8a and b show the RMCD signal and
tunneling current, respectively, as a function of out-of-plane magnetic field measured from a four-
layer Crls spin-filter MTJ device. There are multiple plateaus in both RMCD signal and tunneling
current, signifying several magnetic states with distinct effects on the electron tunneling.
According to the layered antiferromagnetism of four-layer Crls we have discussed in detail in
Chapter 2, the small RMCD signal at low magnetic fields (below ~0.8 T) corresponds to the
magnetic ground state of four-layer Crls (either TN T or {T4T). We observe finite non-zero
RMCD signals at zero magnetic field, which is very similar to the bilayer case. This can be
explained as a result of the broken up-down symmetry, which has been discussed in detail in
Section 2.5. As expected for the electron tunneling, these fully antiferromagnetic states are very
effective at suppressing the tunneling current since these magnetic states function as four
oppositely aligned spin filters in series, which lead to the very small current plateau at low
magnetic fields as shown in Fig. 3.8b.

Applying high enough magnetic fields drive the four-layer into the fully spin-polarized
states (T1771 and $444), which enhance the electron tunneling and correspond to the large current
plateaus and also the large RMCD signal plateaus at high magnetic fields, as shown in Fig. 3.8a
and b. Similarly, Fig. 3.8c shows the TMR ratio as a function of bias voltage for out-of-plane and
in-plane magnetic fields calculated from the -V curves in the inset. The peak TMR ratio achieved
is about 8,600% and 19,000% for out-of-plane and in-plane magnetic fields, respectively,

representing a further enhancement of the TMR effect compared to the bilayer and trilayer cases.
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Figure 3. 8. Giant TMR effect in four-layer Crls spin-filter magnetic tunnel junction. (a) RMCD
signal as a function of out-of-plane magnetic field measured at zero bias voltage. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. Insets show the corresponding
magnetic states. The relative net magnetizations for different magnetic states are labeled. (b)
Tunneling current as a function of out-of-plane magnetic field measured at a selected bias voltage.
Inset shows the measurement geometry. (¢) TMR ratio as a function of bias voltage for out-of-
plane and in-plane magnetic fields, calculated from the /-7 curves in the inset. Reproduced from

reference*® with permission.

Distinct from the bilayer and trilayer case, the RMCD signal of four-layer Crl3 also shows
additional intermediate plateaus at about half the RMCD signal of the fully spin-polarized states.
As we have discussed in detail in Section 2.4, these observations imply that the corresponding

magnetic states have half the net magnetization of the fully spin-polarized states. If we assume that
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the saturation magnetization of monolayer Crl3 is Ms, the net magnetizations of the N LT,
T and I states will be £0 Ms and +4 Ms, respectively, which have been labeled in Fig.
3.8a. For the intermediate plateaus, the net magnetizations of the corresponding magnetic states
should be £2 Ms, which should have one layer polarized opposite to the other three. As a result,
there are four possible magnetic states for the intermediate plateau at positive magnetic field,

{Ti«TT, O TTT»L}, and the four time-reversal copies, {J«N«i«, WM, T, i«i«i«T},

are for the intermediate plateau at negative magnetic field, as shown in Fig. 3.9.

S

Figure 3. 9. Schematic of possible magnetic states corresponding to the intermediate plateaus at
negative and positive magnetic fields. Green lines show the current blocking interfaces.

Reproduced from reference*® with permission.

Although these possible magnetic states should be indistinguishable in the RMCD signal
due to the same net magnetization, the tunneling current is likely to be sensitive to the position of
the one layer with the minority magnetization. First, the JTT7 and T1T7T! states have only one
current blocking interface, whereas the TVTT and TT7T states have two current blocking
interfaces, which are shown by the green lines between adjacent layers with opposite
magnetizations in Fig. 3.9. Second, the tunneling current direction may also introduce distinct

spin-filtering effects either between the TN TT and TTI T states or between the +T17T and TTT4
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states. As shown in Fig. 3.8b, the tunneling current indeed exhibits multiple plateaus at the
intermediate magnetic field range for decreasing and increasing magnetic fields. Furthermore, Fig.
3.10 shows that two additional four-layer Crls spin-filter MTJ devices exhibit distinct behaviors,
which have three and one intermediate plateaus, rather than two in Fig. 3.8b. This observed sample
dependence suggests that these intermediate magnetic states are sensitive to the environment of
the Crls flake, which can be potentially controlled by external stimuli, for example, electrostatic
gating. This can realize the electrical control of magnetic states in a voltage-controlled MTJ, which

we will discuss in detail in Section 3.5.
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Figure 3. 10. Two additional four-layer Crls spin-filter magnetic tunnel junction devices exhibit

three (a) and one (b) intermediate plateaus. Reproduced from reference*® with permission.

3.5 ELECTRICAL CONTROL OF MAGNETIC STATES IN FOUR-LAYER CRI3 MAGNETIC

TUNNEL JUNCTIONS

Electrical manipulation of magnetism is central to spintronics, and voltage-controlled
switching between bistable magnetic states can be employed in energy-efficient magnetic memory
and logic technologies®>~’!. In this regard, 2D magnets, such as Crls, have several advantages to

serve as a building block for exploring spintronics in vdW heterostructures. First, the extreme
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thinness of few-layer Crls enhances the probability that the 2D magnetism will be amenable to

electrical control’> 73

. Second, as we have discussed in detail in this Chapter, the layered
antiferromagnetism of Crls naturally functions as a series of spin filters, and their relative
alignment can be controlled by a moderate magnetic field. Moreover, as shown in Section 3.4,
multiple intermediate magnetic states have been revealed by the electron tunneling in the four-
layer Crls spin-filter MTJ devices. This can be potentially controlled by electrostatic gating and
realizes the electrical control of magnetic states in a voltage-controlled MTJ7®.

We explore this possibility using a spin-filter MTJ with four-layer Crls tunnel barrier
between monolayer graphene contacts, as shown schematically in Fig. 3.11a. This spin-filter MTJ
is further encapsulated between two hBN flakes with a graphite top gate (applied voltage Vig) and
Si02/Si substrate used as a bottom gate (applied voltage V'bg). The monolayer graphene contacts
combine a low density of states with high carrier mobility, allowing much stronger electrostatic

gating effects than using conventional metal electrodes in a vertical junction structure. Figure

3.11b shows an optical microscope image of the dual-gated four-layer Crls spin-filter MTJ device.

4L Crl,

Figure 3. 11. Four-layer Crl3 spin-filter magnetic tunnel junction. (a) Schematic of the dual-gated
four-layer Crls spin-filter magnetic tunnel junction device including two monolayer graphene

contacts and top and bottom gates. (b) False-color optical microscope image of the dual-gated
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four-layer Crls spin-filter magnetic tunnel junction device. Reproduced from reference’® with

permission.

We first measure the dual-gated four-layer Crls spin-filter MTJ device at zero top and
bottom gate voltages. Figures 3.12a and b show the RMCD signal and tunneling current,
respectively, as a function of out-of-plane magnetic field, which exhibit the typical four-layer Crl3
behaviors, consistent with the previous three four-layer Crls devices we have discussed in detail
in Section 3.4. The magnetic ground state (either TN TV or 1T 7T) and the fully spin-polarized
states (1111 and J4 1) are identified at low magnetic fields (<0.7 T) and high magnetic fields
(>2 T). Since the behavior is essentially symmetric for the positive and negative magnetic fields,
we focus on the positive magnetic fields in the following discussion. As we have discussed in
detail in Section 3.4, at positive intermediate magnetic fields (between 0.9 T and 1.7 T), there are
four possible magnetic states for the intermediate RMCD signal plateau, {TTT, T4 T, IT171,
MM}, Among these magnetic states, the first two have two antiparallel interfaces, while the last
two have only one such interface. Since antiparallel interfaces are favored by the antiferromagnetic
interlayer coupling, the first two should have lower energy than the last two at intermediate
magnetic fields. Therefore, we expect the intermediate magnetic state to be either TNTT or T14 T,
not 4 T11 and TV, and these two magnetic states should be degenerate and indistinguishable if

the two internal layers are equivalent, which is the case for symmetric four-layer Crls.
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Figure 3. 12. Multiple magnetic states in four-layer Crls spin-filter magnetic tunnel junction. (a)
RMCD signal as a function of out-of-plane magnetic field measured at zero bias and gate voltages.
Green (orange) curve corresponds to decreasing (increasing) magnetic field. Insets show the
corresponding magnetic states. (b) Tunneling current as a function of out-of-plane magnetic field
measured at a selected bias voltage and zero top and bottom gate voltages. Insets show the
identified magnetic states for the larger and smaller current plateaus. Reproduced from reference’®

with permission.

If a bias voltage is applied either across the Crl3 junction or between the top and bottom
gates, the induced electric field can lift the symmetry between the TNTT and TT 7T states, and

these two states may thus respond differently to the bias voltage, which is expected to yield distinct
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electron tunneling. Figure 3.12b shows the tunneling current as a function of out-of-plane magnetic
field measured at a selected bias voltage (-240 mV) and zero top and bottom gate voltages. By
comparing with the RMCD signal, we find that there are two distinct plateaus in the tunneling
current at intermediate magnetic fields, which corresponds to only one plateau in the RMCD signal,
resembling one of the previous three four-layer Crls devices we have discussed in detail in Section
3.4. These two current plateaus should correspond to the TNTT and T 7T states, revealing that
the tunneling current is indeed sensitive to the position of the one layer with the minority
magnetization, which is possibly due to the multiple spin-filtering effects. By modeling the system

as a set of coupled magnetic quantum wells*7®

, we can calculate and compare the tunneling
current for the TVT7T and TTT states, and thus identify the magnetic states of the larger and
smaller current plateaus, as shown in Fig. 3.12b. We also conclude that the magnetic state is
bistable, which remains in either one of the two intermediate magnetic states when the magnetic
field is fixed at the intermediate magnetic field range.

The main goal of this Section is to realize the electrical control of these bistable magnetic
states by applying a gate voltage. Figures 3.13a and c show the tunneling current as a function of
out-of-plane magnetic field measured at Vig=-2.4 V and +2.4 V, respectively, for the same selected
bias voltage (-240 mV). In contrast to the two bistable intermediate current plateaus at zero gate
voltage in Fig. 3.12b, only one larger (smaller) current plateau is observed at Vig =-2.4 V (+2.4
V), and the corresponding intermediate magnetic states are similarly identified and indicated by
the insets’®. These observations suggest that the applied positive and negative gate voltages cause

the T 17T and T 7T states to be preferred, respectively, demonstrating the electrical control of the

two bistable magnetic states.
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Figure 3. 13. Reversible switching of the bistable magnetic states. (a) and (¢) Tunneling current
(V' =-240 mV) as a function of out-of-plane magnetic field measured at two representative gate
voltages. The identified intermediate magnetic states are indicated by the insets. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. (b) Tunneling current and the
extracted current on/off ratio as a function of the top gate voltage swept from +2.4 V to -2.4 V (red
curve) and back to +2.4 V (blue curve) measured at 1 T. The black and red open circles denote the
two ends of the top gate voltage sweep, corresponding to the same states circled in (a) and (c),
respectively. The bottom panel shows almost no change in RMCD signal during the top gate
voltage sweep, consistent with the same magnetization of the bistable magnetic states. Reproduced

from reference’® with permission.

Remarkably, reversible switching between the two magnetic states can be achieved purely
by sweeping the gate voltage. Figure 3.13b shows the tunneling current as a function of the top
gate voltage swept from +2.4 V to -2.4 V and back to +2.4 V measured at 1 T, revealing the
reversible switching between the two bistable magnetic states which are identified and indicated
by the black and red open circles in Fig. 3.13a and c¢. Meanwhile, the bottom panel of Fig. 3.13b
shows almost no change in RMCD signal during the top gate voltage sweep, which is expected
since the two intermediate magnetic states have the same net magnetization. The general changes
in the tunneling current with increasing the magnitude of the top gate voltage are possibly

associated with the doping effects on the monolayer graphene contacts. Moreover, the tunneling
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current exhibits a pronounced hysteresis loop and small wiggles during the top gate voltage sweep,
which can be attributed to the transition between the two bistable magnetic states and the
associated domain effects. The difference of the tunneling current for the two bistable magnetic
states during the top gate voltage sweep can be as large as a factor of ten, which is revealed by the
extracted current on/off ratio in Fig. 3.13b.

In conclusion, we investigate a pair of bistable magnetic states in four-layer Crlz which can
be switched reversibly by sweeping gate voltage in a dual-gated spin-filter magnetic tunnel

junction device, demonstrating a new kind of voltage-controlled vdW spintronic devices.
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Chapter 4. PRESSURE CONTROL OF INTERLAYER MAGNETISM

IN ATOMICALLY THIN CRI3

In Chapter 4, we will realize the pressure control of interlayer magnetism in atomically thin
Crls. We will first discuss the crystal structure of Crls with a focus on layer stacking, and consider
the stacking-dependent magnetism. We will then demonstrate the pressure control of interlayer
magnetism in bilayer Crl3, and present the switching of magnetic states via pressure tuning of layer
stacking. We will also investigate the coexisting domains of magnetic and layer stacking phases

in trilayer Crls.

4.1 STACKING-DEPENDENT INTERLAYER MAGNETISM IN ATOMICALLY THIN CRI3

In a vdW material, a relative lateral shift or a change in interlayer spacing between two
adjacent layers can cause a drastic modulation of its physical properties. In particular, for 2D
magnets, the interlayer atomic registry strongly modifies the interlayer exchange interactions,
which can lead to a change in the magnitude and sign of the interlayer exchange coupling. Here,
we take atomically thin Crls as an excellent example to explore the physical origin of its interlayer
magnetism. Figure 4.1 shows two isolated free monolayer Crls, which are not coupled with each
other. When the two layers are brought together, they will be held together by vdW forces, where
the vdW gap and the antiferromagnetic interlayer exchange coupling are formed. The main
mechanism for the interlayer exchange interactions is the super-superexchange coupling, which
can be described by the virtual electron hopping between the Cr d orbitals through the p orbitals
of the two I atoms between the vdW gap’’*°. The virtual electron hopping in this interlayer

exchange coupling mechanism depends on the interlayer atomic registry which is determined by
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the layer stacking, and thus possibly leads to the stacking-dependent interlayer magnetism in 2D

magnets®! 34,
Two free monolayers Super-superexchange coupling AFM interlayer coupling
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Figure 4. 1. Interlayer super-superexchange coupling in bilayer Crls.

For atomically thin Crls, the layer stacking and the corresponding interlayer coupling have
been predicted by calculating the stacking energy and the interlayer exchange energy,
respectively’’ 0. Figure 4.2a shows the two stable layer stacking in bilayer Crls, thombohedral
(AB) and monoclinic (AB’), which are at the global minimum and a local minimum for stacking
energy, respectively, and are nearly degenerate. The corresponding interlayer coupling can be
determined by calculating the interlayer exchange energy as a function of layer shift, as shown in
Fig. 4.2b and c. The rhombohedral and monoclinic stacking is predicted to favor ferromagnetic
and antiferromagnetic interlayer coupling, respectively, and thus leads to the distinct magnetic

ground states in Fig. 4.2a, revealing the possible stacking-dependent interlayer magnetism in Crls.
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Figure 4. 2. Stacking-dependent interlayer magnetism in bilayer Crls. (a) Schematic of
rhombohedral and monoclinic stacking with the top (left) and side view (right) indicating the
ferromagnetic and antiferromagnetic interlayer coupling, respectively. The green (purple) atoms
represent the Cr atoms in the top (bottom) layer while the brown ones represent the I atoms. Here,
a, b and c represent the Crls crystal axes. (b) Interlayer exchange energy as a function of lateral
shift. The red and black open circles denote the rhombohedral and monoclinic stacking,
corresponding to the ferromagnetic and antiferromagnetic interlayer coupling, respectively. (c¢)
Full map of lateral shifts for the interlayer exchange energy. Reproduced from reference’*®! with

permission.

This stacking-dependent interlayer magnetism can explain the discrepancy of interlayer
magnetism between the exfoliated Crl3 and bulk Crls crystal we mentioned in Chapter 2, which
exhibits antiferromagnetic interlayer coupling in atomically thin Crls but simply ferromagnetism
in bulk Crls crystal. We first take a closer look at the layer stacking of bulk Crls crystal. At high
temperatures (above 220 K), the layer stacking of bulk Crls crystal is monoclinic (C2/m), which

undergoes a structural transition near 210-220 K and becomes rhombohedral (R3) at low
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temperatures’’. As a result, the ferromagnetism observed in bulk Crlz crystal should correspond to
the rhombohedral stacking at low temperatures, consistent with the theoretical predictions.
However, this structural transition is usually absent in exfoliated few-layer Crls, and thus the
exfoliated Crls is essentially pinned in the layer stacking at high temperatures and remains to be
monoclinic stacking at low temperatures, which has been demonstrated by the recent second
harmonic generation measurements®>. Therefore, the unexpected layered antiferromagnetism
observed in atomically thin Crls should correspond to the monoclinic stacking pinned at low
temperatures, which is also in good agreement with the theoretical predictions and explains the
discrepancy of interlayer magnetism between the exfoliated Crl3 and bulk CrIs crystal.

These observations demonstrate the stacking-dependent interlayer magnetism in Crls and
highlight the opportunities to control the magnetic order in Crl3 by tuning the layer stacking, for
example, reducing the interlayer spacing by applying pressure or inducing a relative lateral shift

between the two Crls layers as shown in Fig. 4.3.

Reduce interlayer spacing Lateral shift

vdWrgap \ de gap .

Figure 4. 3. Tuning the layer stacking in bilayer Crls by applying pressure to reduce the interlayer

spacing or inducing a relative lateral shift between the two Crls layers.
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4.2  PRESSURE CONTROL OF INTERLAYER MAGNETISM

Hydrostatic pressure can be used to continuously control the interlayer coupling by tuning
the interlayer spacing in vdW crystals. This has recently been shown to modify the band structure

8788 "as well as the

in graphene/hBN moiré superlattices®® and transition metal dichalcogenides
superconductivity and correlated insulating states in twisted bilayer graphene®. Hydrostatic
pressure has also been applied to several bulk 2D magnet crystals, successfully altering the critical
temperature’®®*. Considering the stacking-dependent interlayer magnetism in Crls, applying
hydrostatic pressure can potentially tune the magnetic order in Crls by reducing the interlayer
spacing or inducing a relative lateral shift.

Motivated by this idea, we employ a piston-cylinder pressure cell to apply hydrostatic
pressure. Figure 4.4a shows a schematic of our experimental setup. In this measurement, we start
with the same bilayer Crls spin-filter MTJ device, which consists of a bilayer Crls sandwiched by
the top and bottom few-layer graphene contacts. The spin-filter MTJ is further encapsulated
between two hBN flakes to avoid degradation. The device is then held in a piston-cylinder pressure
cell for applying hydrostatic pressure up to 2.7 GPa. The magnetic order in the bilayer Crls can be
probed in situ by measuring the tunneling current as we have discussed in detail in Chapter 3.
Here, we note that the pressure of 1 GPa is equivalent to a 10-ton elephant standing on an area of
only 1 cm?, which is really high pressure as shown in Fig. 4.4b. In contrast to the bilayer Crl3 spin-
filter MTJ under ambient conditions in Fig. 4.4c, applying such high pressure can dramatically
reduce the interlayer spacing between the two Crls layers as shown in Fig. 4.4d. We note that all

the measurements discussed in this Chapter were carried out at a temperature of 2 K with magnetic

field in the out-of-plane direction, unless otherwise specified.
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Figure 4. 4. Pressure study of bilayer Crls spin-filter magnetic tunnel junction. (a) Schematic of
the pressure experimental setup. The bilayer Crls spin-filter MTJ device is held in a piston-cylinder
pressure cell for applying hydrostatic pressure. The yellow line embedded in epoxy represents
electrical leads. The force applied to the piston exerts hydrostatic pressure on the device through
oil (red arrows). (b) The pressure of 1 GPa is equivalent to a 10-ton elephant standing on an area
of only 1 cm?, representing high pressure. (¢) Schematic of bilayer Crl3 spin-filter magnetic tunnel
junction under ambient conditions. (d) Applying high pressure can dramatically reduce the

interlayer spacing between the two Crls layers. Reproduced from reference®! with permission.

We start our measurements with the tunneling current measured from the bilayer Crls spin-
filter MTJ device. Figure 4.5 shows the tunneling current as a function of magnetic field under
ambient conditions and at selected hydrostatic pressure. Under ambient conditions (0 GPa), the
tunneling current exhibited the typical bilayer Crl3 behaviors of the layered antiferromagnetism.

At low magnetic fields (below ~0.6 T), the layered antiferromagnetic ground state (T4 or TV)
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serves as two spin filters in antiparallel alignment which suppresses the tunneling current and
corresponds to the small current plateau. When the magnetic field exceeds the critical magnetic
field of bilayer Crls, the spin-flip transition happens, corresponding to the sharp jump in the
tunneling current. At high magnetic fields (above ~0.8 T), the large current plateaus correspond to

the fully spin-polarized states (T and 1)

_2.7(5 GPaI

HoH (T)

Figure 4. 5. Tunneling current as a function of magnetic field under ambient conditions and at
selected hydrostatic pressure measured at the same bias voltage (50 mV). Insets show the

corresponding magnetic states and the optical microscope image of the bilayer Crls spin-filter MTJ
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device. The purple and gray shadows show the bilayer Crls flake and few-layer graphene contacts.
The yellow and green regions are gold electrodes and hBN flakes. Reproduced from reference®!

with permission.

As the pressure is increased, we observe that the sharp jumps in the tunneling current
gradually expand to the two sides as shown in Fig. 4.5. This reveals that the critical magnetic field
for the spin-flip transition rises dramatically to above 1.3 T, which is more than twice the value at
zero pressure. Such an enhancement of the critical magnetic field can be explained by the reduced
interlayer spacing, which increases the wavefunction overlap and thus the strength of the interlayer
exchange interactions. As a result, it requires higher external magnetic field to overcome the
stronger antiferromagnetic interlayer coupling, corresponding to a higher critical magnetic field.
The tunneling current also increases substantially with pressure owing to the reducing interlayer
spacing, which favors the electron tunneling through the tunnel barrier. We also note that the
steady background in the tunneling current decreases as magnetic field increases, which can be
attributed to the positive magnetoresistance in the few-layer graphene contacts®. This
magnetoresistance background becomes more noticeable as the tunneling magnetoresistance of

the Crls is reduced at higher pressure.

4.3  SWITCHING MAGNETIC STATES VIA PRESSURE TUNNING OF LAYER STACKING

Interestingly, the sharp jumps in the tunneling current are absent at the highest pressure of
2.7 GPa, and only the magnetoresistance background from the few-layer graphene contacts
remains. We note that this is not because the critical magnetic field moves out of the applied
magnetic field range. This observation implies that the interlayer coupling of the bilayer Crl3 has

switched from antiferromagnetic at low pressure to ferromagnetic at high pressure.
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To support this hypothesis, we perform RMCD measurement to probe the interlayer
magnetism of the bilayer Crls under ambient conditions after the device is removed from the
pressure cell where it underwent high pressure. Figure 4.6a shows the RMCD signal as a function
of magnetic field measured from the bilayer Crls after pressure, which exhibits a single pronounced
magnetic hysteresis loop centered at zero magnetic field, the characteristic of ferromagnetism. This
is distinct from the typical bilayer Crls behaviors of the layered antiferromagnetism as shown in
Fig. 4.6b, revealing that the interlayer coupling of the bilayer Crls, and thus the magnetic ground
state, has been switched to ferromagnetic. We note that the bilayer Crls remains to be
ferromagnetic under ambient conditions after the device is removed from the pressure cell, which
indicates that this switching is possibly a result of an irreversible structural transition in the bilayer

Crls induced by applying high pressure.

6 After pressure 2L 1 10 - Pristine 2L 1
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Figure 4. 6. Switching interlayer magnetism in bilayer Crls. (a) RMCD as a function of magnetic
field measured from the bilayer Crls under ambient conditions after the device is removed from
the pressure cell where it underwent high pressure. The arrows indicate the sweep direction of the
magnetic field. (b) RMCD signal as a function of magnetic field measured from a pristine bilayer
Crls under ambient conditions, which exhibits the typical bilayer Crls behaviors of the layered
antiferromagnetism. The arrows indicate the sweep direction of the magnetic field. Reproduced

from reference®! with permission.
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To investigate the possible structural transition in the bilayer Crls, we further employ
polarization-resolved Raman spectroscopy measurement to identify the crystal structure. We first
measure bulk Crls crystal as a reference since the layer stacking of bulk Crls crystal has been
identified*”*>7. Figures 4.7¢c and f show the polarization dependence of Raman spectra in the
cross-polarization channel measured from a bulk Crls crystal at 270 K and 80 K, which correspond
to monoclinic and rhombohedral stacking, respectively. The rhombohedral stacking gives rise to
a two-fold degenerate E; mode, which corresponds to the peak near 105 cm™ in Fig. 4.7f. For the
monoclinic stacking, this mode splits into non-degenerate Ag and By modes due to a lower
symmetry, which leads to the four-fold polarization dependence of this peak observed in Fig. 4.7c.
We next utilize this technique to identify the layer stacking of the bilayer Crl3 after pressure and a
pristine Crls. Figures 4.7a and d show the polarization dependence of Raman spectra in the cross-
polarization channel measured from a pristine bilayer Crls and the bilayer Crl3 after pressure at 80
K. Figure 4.7a shows that the peak displays a four-fold polarization dependence, which is similar
to the bulk Crls crystal at 270 K and thus confirms the layer stacking is monoclinic in a pristine
bilayer®. In contrast, the four-fold polarization dependence of the peak is absent in the bilayer Crl3
after pressure, which resembles the bulk Crls crystal at 80 K and reveals that the layer stacking of
the bilayer Crls has been switched from monoclinic to rhombohedral by applying high pressure.
We also check the Raman spectra at 270 K as shown in Fig. 4.7b and e, which show the same
polarization dependence, showing the layer stacking remains the same for different temperatures.
These observations demonstrate the stacking-dependent interlayer magnetism in Crl3 and attribute

the switching of interlayer magnetic order to the pressure-induced structural transition.
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Figure 4. 7. Polarization dependence of Raman spectra for bilayer Crlz and bulk Crl3 crystal. (a)
and (d) Polarization dependence of Raman spectra in the cross-polarization channel measured
from a pristine bilayer Crls and the bilayer Crls after pressure at 80 K. The four-fold polarization
dependence of the peak near 105 cm™! indicates the monoclinic stacking. The absence of the four-
fold polarization dependence indicates the rhombohedral stacking. (b) and (e) The same
measurements at 270 K. (¢) and (f) Polarization dependence of Raman spectra in the cross-
polarization channel measured from a bulk Crlz crystal at 270 K and 80 K, respectively.

Reproduced from reference®! with permission.

4.4  MAGNETIC AND LAYER STACKING PHASES IN TRILAYER CRI3

Having demonstrated the pressure control of interlayer magnetism in bilayer Crls, we now
consider trilayer Crls case. We fabricate a trilayer Crls spin-filter MTJ device, and similarly
measure the tunneling current under ambient conditions and at selected hydrostatic pressure.
Figure 4.8 shows the tunneling current as a function of magnetic field measured from the trilayer

Crls spin-filter MTJ device. Under ambient conditions (0 GPa), the tunneling current exhibited the
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typical trilayer Crls behaviors of the layered antiferromagnetism, as shown in Fig. 4.8a. At low
magnetic fields, the magnetic ground state (either TN T or ) serves as three spin filters in
antiparallel alignment which suppresses the tunneling current and corresponds to the small current
plateau. When the magnetic field exceeds the critical magnetic field of trilayer Crls, the spin-flip
transition happens at ~1.6 T, corresponding to the sharp jump in the tunneling current. At high
magnetic fields, the large current plateaus correspond to the fully spin-polarized states (7177 and
J1). At a moderate applied pressure of 1.2 Gpa (Fig. 4.8b), the tunneling current behaviors are
similar to those at zero pressure, but the critical magnetic field for the spin-flip transition is
increased. At the highest pressure of 2.45 GPa (Fig. 4.8c), the critical magnetic field reaches as

high as 3.7 T, which is more than twice the value at zero pressure.
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Figure 4. 8. Pressure control of interlayer magnetism in trilayer Crls spin-filter magnetic tunnel
junction. (a), (b) and (¢) Tunneling current as a function of magnetic field under ambient

conditions (a, 0 GPa) and at selected hydrostatic pressure (b, 1.2 GPa) (c, 2.45 GPa) measured at
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the same bias voltage (70 mV). Green (orange) curve corresponds to decreasing (increasing)
magnetic field. Insets in (a) show the corresponding magnetic states, the measurement geometry
(bottom left), and the optical microscope image of the trilayer Crls spin-filter MTJ device (bottom
right). The purple and gray shadows show the trilayer Crl3 flake and few-layer graphene contacts.
Insets in (c) show the corresponding magnetic states and the tunneling current measured while
sweeping the bias voltage up (red) and down (blue). The sudden jump implies an irreversible
change in the device. (d) Tunneling current as a function of magnetic field at the highest pressure
of 2.45 GPa after the sudden jump. Insets in (d) show the corresponding magnetic states and the
zoom-in view of the region indicated by the red arrow. Reproduced from reference®! with

permission.

At high pressure, however, additional features appear which have not been observed in
trilayer Crls. Figure 4.8c shows the initial tunneling current as a function of magnetic field
measured at 2.45 GPa. In addition to the usual small and large current plateaus at low and high
magnetic fields, we observe a new intermediate spin-flip transition at ~1.7 T, suggesting another
degree of freedom is involved. We then measure the tunneling current as a function of the bias
voltage at 1.3 T, as shown in the inset in Fig. 4.8c. When the bias voltage is increased to ~-300
mV (red trace), we observe a sudden jump in the tunneling current to a larger current state. When
the bias voltage is then swept back to zero (blue trace), the tunneling current remains in the large
current state, indicating an irreversible change in the device. Figure 4.8d shows the tunneling
current as a function of magnetic field after the sudden jump measured at 2.45 GPa. Surprisingly,
the lower magnetic field transition happens at the same intermediate magnetic field (~1.7 T), but
the higher magnetic field transition has disappeared, and the tunneling current at low magnetic
fields is more than twice the value before the sudden jump. These observations imply that the

sudden jump in the tunneling current is possibly a result of an irreversible structural transition in
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the trilayer Crls, for example, a change in the layer stacking, resembling the bilayer case we have
discussed in detail in Section 4.3.

These observations can be explained naturally as follows. Before the sudden jump, at low
magnetic fields, the trilayer Crls contains coexisting domains of two different layered
antiferromagnetic phases (AFM I and AFM II), which are associated with the layer stacking
domains. The AFM I phase corresponds to the magnetic phase in a pristine trilayer Crls, which has
two antiferromagnetic interfaces, and thus the magnetic ground state is either TNT or ¢ T\. The
AFM II phase is a new magnetic phase, which has one antiferromagnetic and one ferromagnetic
interface, and thus the magnetic ground state is either TTV or 4T (and also possibly either 77
or T4). This new magnetic phase is possibly a result of a change in the layer stacking from
monoclinic to rhombohedral, which only happened at one of the two interfaces and switched the
interlayer coupling at this interface from antiferromagnetic to ferromagnetic. In either the AFM I
or AFM II phase, as the magnetic field is increased to the critical magnetic field, the Zeeman
energy overcomes the antiferromagnetic coupling, which leads to the spin-flip transition. Since the
AFM 1I phase has only one antiferromagnetic interface, it is switched to the fully spin-polarized
state at lower magnetic field of 1.7 T, resulting in the new intermediate spin-flip transition. Since
the AFM I phase has two antiferromagnetic interfaces, it is switched to the fully spin-polarized
state at higher magnetic field of 3.7 T, which is about twice the value for the AFM II phase,
corresponding to the spin-flip transition of a pristine trilayer Crl3 at high pressure. After the sudden
jump, the disappearance of the spin-flip transition at 3.7 T implies that the AFM I phase in this
domain has been switched to the AFM II phase. We note that the zoom-in view of Fig. 4.8d reveals
there remains a tiny magnetic hysteresis loop at 3.7 T, indicating that a small domain of the AFM

I phase is still present in this trilayer Crls.
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To further support this explanation, we employ scanning RMCD microscopy measurement
to identify the multiple magnetic phases in the trilayer Crls under ambient conditions after the
device is removed from the pressure cell. Figure 4.9a shows the spatial map of the RMCD signal
measured at 2 T, which reveals the trilayer Crls region, as well as bilayer Crls and thin bulk Crl3
regions in the device. Figures 4.9b, ¢ and d show the RMCD signal as a function of magnetic field
measured at the three selected positions P, Q, and R. At position P (Fig. 4.9b), the RMCD signal
exhibits the typical trilayer Crls behaviors of the layered antiferromagnetism, which is identified
as the AFM I phase. At position Q (Fig. 4.9¢c), near the tunnel junction region, the RMCD signal
shows that the spin-flip transition happens at ~0.8 T, which is about half the value for a pristine
trilayer Crls, which should correspond to the AFM II phase. At position R (Fig. 4.9d), the RMCD
signal exhibits a single pronounced magnetic hysteresis loop centered at zero magnetic field, the

characteristic of ferromagnetism, which implies that both interfaces in the trilayer Crlz are

ferromagnetic.
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Figure 4. 9. Magnetic and layer stacking phases in trilayer Crls. (a) Spatial map of RMCD signal

at 2 T measured from the trilayer Crls under ambient conditions after the device is removed from
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the pressure cell. The trilayer Crls, bilayer Crls, and thin bulk CrIs regions are labeled. (b), (¢) and
(d) RMCD signal as a function of magnetic field measured at the three selected positions P, Q, and
R indicated in (a), which exhibit AFM I, AFM II, and FM phases, respectively. Green (orange)
curve corresponds to decreasing (increasing) magnetic field. Insets show the corresponding
magnetic states. (e) Full map of the multiple magnetic phases. (b), (¢) and (d) Maps of the magnetic
domains identified by calculating the difference of the RMCD maps at two selected magnetic fields
for the AFM I, AFM I, and FM phases. Insets show the corresponding layer stacking and magnetic
states. AFM I: two antiferromagnetic interfaces. AFM II: one antiferromagnetic interface and one
ferromagnetic interface. FM: two ferromagnetic interfaces. Reproduced from reference®' with

permission.

Furthermore, the different spin-flip transitions can be used to identify the domains of
different magnetic phases. For example, when the magnetic field is swept down from 2 to 1.3 T
indicated by the purple arrows, only the AFM I phase has a spin-flip transition, which gives a
change in the RMCD signal of ~1.3%. Figure 4.9f shows that the AFM I domain can therefore be
identified by mapping the RMCD signals at these two magnetic fields and calculating the
difference of the two RMCD maps. Similarly, the AFM II and the fully ferromagnetic (FM)
domains can be identified by calculating the difference of the two RMCD maps at 1 T and 0.4 T
(green arrows), and at 0 T and -0.5 T (red arrows), which are shown in Fig. 4.9g and h, respectively.
Figure 4.9¢ shows the full map of the multiple magnetic phases by putting Fig. 4.9f, g, and h
together, revealing the existence of three different magnetic phases in the trilayer Crls.

Resembling the bilayer Crls case, the multiple magnetic phases can be attributed to the
multiple layer stacking phases, where monoclinic and rhombohedral stacking correspond to
antiferromagnetic and ferromagnetic interlayer coupling, respectively. This is supported by the
polarization dependence of Raman spectra measured at the three selected positions P, Q, and R, as

shown in Fig. 4.10a, b, and c, respectively. The AFM II domain exhibits the four-fold polarization
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dependence for the peak near 105 cm™, which indicates two monoclinic stacking interfaces. The
AFM I domain shows a weaker four-fold polarization dependence, which corresponds to one
monoclinic stacking interface and one rhombohedral stacking interface. The absence of the four-
fold polarization dependence in the FM domain reveals two rhombohedral stacking interfaces. In

conclusion, we demonstrate the coexisting domains of magnetic and layer stacking phases in

trilayer Crls.
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Figure 4. 10. Polarization dependence of Raman spectra for the trilayer Crls. (a), (b) and (c)
Polarization dependence of Raman spectra in the cross-polarization channel measured at the three
selected positions P, Q, and R indicated in Fig. 4.9a, respectively, at 80 K. The four-fold
polarization dependence of the peak near 105 cm™ indicates the monoclinic stacking. The absence

of the four-fold polarization dependence indicates the thombohedral stacking. Reproduced from

reference®! with permission.
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Chapter 5. SPIN PHOTOVOLTAIC EFFECT IN MAGNETIC VAN

DER WAALS HETEROSTRUCTURES

In Chapter 5, we will investigate the spin photovoltaic effect in magnetic vdW
heterostructures. We will first introduce the photocurrent response of Crls junction devices, and
present the dependence of photocurrent on magnetic states in Crls. We will then report the helicity
dependence of photocurrent, and discuss the interplay between magnetic order and photon helicity
in absorption and photocurrent, demonstrating a proof-of-concept spin-optoelectronics device by

engineering magnetic vdW heterostructures.

5.1 PHOTOVOLTAIC EFFECT IN CRI3 JUNCTION DEVICE

Manipulating the spin degree of freedom in electronic systems for novel functionalities lies
at the core of developing spintronics’®. With optical illumination, in addition to optoelectronics,
the generation and control of the spin degree of freedom can open up emerging opportunities for
spin-optoelectronics, which enables the exploration of emergent spin photovoltaic effects and spin
photocurrents. In different magnetic systems, spin photovoltaic effects can be achieved by
different mechanisms. For example, a spin voltage arises from spin-dependent excitation at the
interface of a nonmagnetic metal in close proximity to a magnetic insulator”. In magnetic
multilayer devices, such as spin valves and magnetic p-n junctions, spin injection and
accumulation can be induced by the spin-dependent injection process of the photogenerated

carriers at the interfaces with ferromagnetic contacts!'®1%

. Alternatively, in non-magnetic
materials, circularly polarized light can generate spin photocurrents via the circular photogalvanic

effect!®1%7. Among these systems, two-dimensional (2D) materials, in particular transition metal

dichalcogenides (TMDs), have established themselves as a promising system for spin-
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optoelectronics due to their spin-valley dependent properties and enhanced photoresponsivity from
strong excitonic effects®!%-106-112,

The recent discovery of 2D magnets provides new opportunities for investigating the spin
photovoltaic effect based on atomically thin vdW materials with intrinsic magnetic order. Among
these magnets, Crls, the focus of this thesis, is an ideal candidate because of its layered
antiferromagnetism as we have discussed in detail in Chapter 2. The multiple magnetic states in
few-layer Crls can potentially enable multiple states of the resulting spin photocurrent, which is
defined as a photocurrent controlled by the spin degree of freedom. Moreover, strong magneto-

113,114 \which makes it an ideal

optical and excitonic effects are also reported in atomically thin Crl3
platform to explore spin-optoelectronic effects in the atomically thin limit!'!>!1°,

We start our spin photovoltaic effect study by investigating the photocurrent response of
Crls junction devices. Figure 5.1a shows the vertical junction vdW heterostructure we fabricate
for efficient photodetection. Here, we show the four-layer Crls device as an example. Such a
structure is essentially the same as the magnetic tunnel junction devices we have discussed in detail
in Chapter 3. As shown in Fig. 5.1b, without laser excitation, the /-7 curve (black curve) measured
from the four-layer Crls device behaves like a typical tunnel junction. The tunneling current is
suppressed in the low bias voltage regime and dominated by Fowler-Nordheim tunneling in the

high bias voltage regime*®>"-°,
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Figure 5. 1. Photovoltaic effect in Crls junction device. (a) Schematic of the four-layer Crls device
in the magnetic ground state (TN T{), with the top and bottom graphene contacts and hBN
encapsulation. (b) Tunneling current as a function of bias voltage measured from the four-layer
Crls device under dark conditions (black curve) and with 1 pW of 1.96 eV laser excitation (red
curve). Inset shows the zoom-in view of the generated photocurrent at zero bias voltage (/ph) and
the open-circuit voltage (Voc). (¢) Differential reflectance (AR/R, black dots) and overlaid zero-
bias photocurrent (Zph, blue squares) as a function of photon energy. The differential reflectance is
measured from a trilayer Crls flake on sapphire substrate at -2 T. The zero-bias photocurrent is
measured from the trilayer Crls device with an optical power of 10 pW. Reproduced from

reference!!® with permission.

In contrast to the dark condition case, a substantial enhancement of the current is induced
by the laser excitation in the low bias voltage regime, as shown in Fig. 5.1b. The /-V curve (red
curve) is obtained with 1.96 eV (632.8 nm) laser excitation focused to the laser spot size of ~1 pm
at normal incidence, with an optical power of 1 pW. This carrier collection process is highly
efficient in the vertical junction device geometry for atomically thin Crls, which can reduce the
carrier diffusion length to generate photocurrent. The inset in Fig. 5.1b shows that a net
photocurrent (/ph) is also generated at zero bias voltage. This zero-bias photocurrent can be
attributed to the asymmetric potential of the junction device, which could originate from the

potential difference between the top and bottom graphene/Crls interfaces, as we have discussed in
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detail in Chapters 2 and 3. When the bias voltage is applied between the top and bottom graphene

contacts, an electric field is induced across the junction, which can modulate the magnitude and
reverse the direction of the photocurrent. When the applied bias voltage compensates the
asymmetric potential so that the net current is zero, the system is equivalent to an open circuit,
which allows us to measure the photogenerated open-circuit voltage (Voc). Therefore, the I-V curve
reveals the zero-bias photocurrent (/ph) and open-circuit voltage (Voc), which are characteristics of
the photovoltaic effect. We note that all the measurements discussed in this Chapter were carried
out at a temperature of 2 K with magnetic field in the out-of-plane direction and linearly polarized
laser excitation, unless otherwise specified.

Since the photovoltaic response is associated with the strong excitonic effect in Crls, we
investigate the photon energy dependence of the zero-bias photocurrent, as shown in Fig. 5.1c. We
find that the zero-bias photocurrent increases sharply when the photon energy exceeds 1.7 eV. To
carry out a direct comparison of the zero-bias photocurrent and absorption, we also employ the
differential reflectance (AR/R) measurement of a trilayer Crl3 flake on sapphire substrate, as shown

in Fig. 5.1c. Here, the absorption of the atomically thin Crl3 flake is proportional to the differential
reflectance!'®, and can be determined as % (n> — 1)AR/R . By comparing the zero-bias

photocurrent and absorption, we can attribute the strong photovoltaic response to the optical
excitation of ligand-to-metal charge-transfer exciton states in Crls'!'>!'*. However, we do not
observe zero-bias photocurrent enhancement corresponding to the excitation of the lower energy
exciton state at 1.5 eV. This is possibly due to its larger binding energy and more localized nature
than the charge transfer exciton states''*. We also note that the photoresponsivity of this system
can reach 10 mA W-!, which is already comparable to that achieved in the devices based on TMD

semiconductors under similar conditions'%1%%:!16 demonstrating a strong photoresponsivity.
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We further investigate the spatial distribution of the zero-bias photocurrent by employing
scanning photocurrent microscopy. Figure 5.2a shows the optical microscope image of the trilayer
Crls device, which has a relatively large junction area. In comparison, the zero-bias photocurrent
map (Fig. 5.2b) shows the zero-bias photocurrent measured while scanning the laser spot. We also
employ scanning RMCD microscopy measurement to map out the trilayer Crls flake, which is
shown in Fig. 5.2c. By comparing the zero-bias photocurrent map with the optical microscope
image and the RMCD map, the photoactive region can be identified, which is the junction region
where the top and bottom graphene contacts overlap. We note that the absence of the zero-bias
photocurrent contribution beyond the overlap region implies the limited lateral diffusion length of

the photoexcited carriers, possibly due to the relatively localized nature of the exciton states in

Crls.
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Figure 5. 2. Spatial distribution of zero-bias photocurrent in Crls junction device. (a) Optical
microscope image of the trilayer Crls device. The overlap region between the top and bottom
graphene contacts is the junction region. (b) Spatial map of zero-bias photocurrent measured from
the same device at 0 T with an optical power of 1 uW. (¢) Spatial map of RMCD signal measured

from the same device at 0 T. Reproduced from reference'!® with permission.



65

5.2 DEPENDENCE OF PHOTOCURRENT ON MAGNETIC STATES

We have investigated the basic photovoltaic effect in Crl3 junction devices in Section 5.1,
which has not yet involved the spin degree of freedom and the multiple magnetic states in few-
layer Crl3. We next explore the spin photocurrent dependence on the magnetic order in few-layer
Crls, and first take the four-layer Crls device as an example. Figure 5.3a shows the zero-bias
photocurrent as a function of magnetic field measured the four-layer Crls device with an optical
power of 1 puW. When the magnetic field is increased, the zero-bias photocurrent exhibits multiple
plateaus and sharp jumps, and can be compared with the RMCD signal measured from the same
device, as shown in Fig. 5.3b. The corresponding magnetic states can thus be identified as we have
discussed in detail in Chapter 2. Here, we only show and discuss the positive magnetic field side
for simplicity. We find that the multiple zero-bias photocurrent plateaus are associated with the
identified magnetic states of four-layer Crls. The small and large zero-bias photocurrent plateaus

at low and high magnetic fields can be assigned to the magnetic ground state (either TN T{ or

JTIT) and the fully spin-polarized states (TT171 and {d4), respectively.
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Figure 5. 3. Photocurrent dependence on magnetic order in four-layer Crls. (a) Zero-bias
photocurrent as a function of magnetic field measured the four-layer Crls device with an optical
power of 1 uW. Green (orange) curve corresponds to decreasing (increasing) magnetic field. Inset
shows the schematic of the device with laser excitation. (b) RMCD signal as a function of magnetic
field measured from the same device. Insets show the corresponding magnetic states and the
optical microscope image of the four-layer Crls device. (¢) Tunneling current as a function of
magnetic field measured from the same device at a selected bias voltage (80 mV) under dark
conditions. Inset shows the schematic of the device under dark conditions. Reproduced from

reference!!® with permission.
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In contrast, the intermediate magnetic state (either TNTT or T14T) results in a smaller
zero-bias photocurrent than the magnetic ground state. This reveals a non-monotonic photocurrent
response to the magnetic states, which is distinct from the monotonic enhancement of the tunneling
current due to the spin-filtering effect we have discussed in detail in Chapter 2. To carry out a
direct comparison of the zero-bias photocurrent and tunneling current, we also measure the
tunneling current as a function of magnetic field from the same device at a selected bias voltage
(80 mV) under dark conditions, which is shown in Fig. 5.3c. Distinct from the zero-bias
photocurrent, the tunneling current increases monotonically and dramatically as the
magnetizations in each layer are aligned from the magnetic ground state (either TVT4 or $TNT)
to the fully spin-polarized states (TTT1 and 44 44). We find that the tunneling current varies by
two orders of magnitude for different magnetic states, while there is only a two-fold difference in
the zero-bias photocurrent. These observations can be explained as follows. For the tunneling
current under dark conditions, the tunneling electron energy is below the Crl3 conduction bands.
For the zero-bias photocurrent, the optical excitation generates the photoexcited carriers in the Crl3
conduction bands, which are then extracted by the top and bottom graphene electrodes. Since the
magnetic states determine the layer distribution of the wavefunction of the photoexcited carriers
in the four-layer Crls, the extraction efficiencies at the top and bottom electrodes can be

affected108,109,1 17,118

, which accounts for the non-monotonic magnetic state dependence of the zero-
bias photocurrent. However, we also note that the determination of the precise magnetic-state-
dependent band alignment between graphene and Crl3 will require future theoretical and
experimental efforts.

In analogy to the giant magnetoresistance and tunnel magnetoresistance effect in magnetic

multilayer devices, and considering the Crls spin-filter MTJ devices which have been realized and
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discussed in detail in Chapter 2, the photocurrent response of the Crls junction devices can also
exhibit a novel photo-magnetocurrent effect'?. Figure 5.4a shows the photocurrent as a function
of bias voltage for the magnetic ground state (TNT4 at 0 T, black curve) and the fully spin-
polarized state (TT17 at 2.5 T, red curve), respectively. For the short-circuit (zero bias voltage)
condition, the fully spin-polarized state gives a larger zero-bias photocurrent, whereas the
magnetic ground state gives a larger open-circuit voltage magnitude. To quantify this observed
magnetic state dependence, we define the photo-magnetocurrent ratio as MCph = (Iph? — Iph™) / Iph™,
where Iph” and Ipn™ correspond to the photocurrents for the fully spin-polarized state (parallel) and
the magnetic ground state (antiparallel). Figure 5.4b shows the absolute value of MCph as a function
of bias voltage, which is extracted from the /on-¥ curves in Fig. 5.4a. Remarkably, a giant photo-
magnetocurrent effect is observed in a range of bias voltage indicated by the red shading. We
attribute this observation to the magnetic-state-dependent open-circuit voltage, where at certain
bias voltage Ipn™ goes to zero while Zpn? is still finite. This leads to a giant MCph ratio tending to

infinity and demonstrates the proof-of-concept photo-magnetocurrent effect.
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Figure 5. 4. Photo-magnetocurrent effect in four-layer Crls junction device. (a) Photocurrent as a

function of bias voltage measured from the four-layer Crls device for the magnetic ground state
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(N1 at 0 T, black curve) and the fully spin-polarized state (TT171 at 2.5 T, red curve). (b)
Magnitude of the photo-magnetocurrent ratio as a function of bias voltage, which is extracted from
the lon-V curves in (a). The red shading indicates the bias voltage range where |[MCph| tends to
infinity. Inset shows the zoom-in view of the Ipn-¥ curves in (a). Reproduced from reference!'¢

with permission.

We further investigate the excitation power dependence to potentially realize the optical
control of the photo-magnetocurrent effect. Figure 5.5a and b show the excitation power
dependence of the photocurrent as a function of bias voltage measured from the trilayer Crls device
for the magnetic ground state (TVT at 0 T) and the fully spin-polarized state (TT71 at 2.5 T),
respectively, which exhibit high sensitivity to the excitation power. Figure 5.5d shows the open-
circuit voltage as a function of excitation power extracted from the /ph-¥ curves in Fig. 5.5a and b,
revealing that the open-circuit voltage is highly tunable by the excitation power. The magnitude
of the photo-magnetocurrent ratio as a function of bias voltage and excitation power is also
extracted from the lph-V curves in Fig. 5.5a and b, which is shown in Fig. 5.5¢. Similarly, we
observe a giant photo-magnetocurrent effect, consistent with the four-layer Crls device in Fig.
5.4b, and the bias voltage range is also highly tunable by the excitation power. These observations
demonstrate the optical control of the photo-magnetocurrent effect with high sensitivity to the
excitation power. Realizing such a giant and tunable photo-magnetocurrent effect is important for

potential applications, such as optically driven magnetic sensing and data storage technologies.
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Figure 5. 5. Excitation power dependence of photo-magnetocurrent effect. (a) and (b) Excitation
power dependence of the photocurrent as a function of bias voltage measured from the trilayer
Crls device for the magnetic ground state (T\.T at 0 T, a) and the fully spin-polarized state (177
at 2.5 T, b). (¢) Magnitude of the photo-magnetocurrent ratio as a function of bias voltage and
excitation power, which is extracted from the /pn-V curves in (a) and (b). (d) Open-circuit voltage
as a function of excitation power extracted from the /ph-V curves in (a) and (b) for the magnetic
ground state (T4 at 0 T, black dots) and the fully spin-polarized state (7171 at 2.5 T, red dots).

Reproduced from reference!!'® with permission.



71
5.3 HELICITY DEPENDENCE OF PHOTOCURRENT

The presence of magnetic order can break the time-reversal symmetry of the system, which

will potentially enable a photon helicity dependence of the spin photocurrent. Here, we take the
trilayer Crls device as an example, and we note that the zero-bias photocurrent is measured with
10 uW of 1.96 eV laser excitation. We first focus on the two fully spin-polarized states (117 and
1), which are identified at 2 T and -2 T. To change the photon helicity, we use a motorized
precision rotation mount to rotate an achromatic quarter-wave plate relative to the linear polarized
incident laser excitation. Figure 5.6a shows that the zero-bias photocurrent exhibits a clear circular
polarization dependence as the photon helicity is switched between ¢* and o~ by rotating the
quarter-wave plate. We find that the T17 state (red dots) exhibits a larger zero-bias photocurrent
for the photon helicity o™ (135°) than 6" (45°). In comparison, the 4 state (black dots) exhibits
the exact opposite photon helicity dependence. These observations are consistent with the time-

reversal operation that connects the two fully spin-polarized states (TT71 and J44).
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Figure 5. 6. Helicity dependence of zero-bias photocurrent in trilayer Crls. (a) Zero-bias
photocurrent as a function of the quarter-wave plate angle for the T17 state (2 T, red dots) and the
! state (-2 T, black dots) measured from the trilayer Crls device with an optical power of 10
uW. Vertical arrows represent the linear polarized incident laser excitation. (b) The change in

zero-bias photocurrent (Alph [67-67] = Ipn(c") - Irn(c7)) as a function of magnetic field measured
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from the same device with an optical power of 10 puW. The degree of helicity is defined as Alph
[6"-67)/(Ipn(c") + Irn(c7)), which is shown on the right axis. Green (orange) curve corresponds to
decreasing (increasing) magnetic field. Insets show the corresponding magnetic states and the
schematic of the device with circularly polarized laser excitation. (¢) RMCD signal as a function
of magnetic field measured from the same device. Insets show the corresponding magnetic states
and the optical microscope image of the trilayer Crl3 device. Reproduced from reference!'® with

permission.

To quantify this observed photon helicity dependence of the spin photocurrent, we define
the difference of the zero-bias photocurrent between the 6™ and o™ laser excitation as Alph [67-07]
= Iph(c™) - Ipn(c”). We can also define the degree of helicity as Alph [67-67)/(Ipn(c™) + Ipn(c?)). To
further investigate the interplay between the photon helicity dependence of the spin photocurrent
and the underlying magnetic order, we measure the change in zero-bias photocurrent (Alph [6™-6
]) as a function of magnetic field, as shown in Fig. 5.6b. We also calculate the degree of helicity
from the zero-bias photocurrent, which is shown on the right axis. Four distinct plateaus are
observed in the change in zero-bias photocurrent, which is very similar to the RMCD signal as a
function of magnetic field measured from the same device (Fig. 5.6¢). The direct comparison of
the change in zero-bias photocurrent and the RMCD signal can assign the corresponding magnetic
states to the four plateaus of the change in zero-bias photocurrent, as shown in Fig. 5.6 b and c.
The magnetic hysteresis loop of the change in zero-bias photocurrent centered at zero magnetic

field can be attributed to the switching between the two magnetic ground states of trilayer Crls

(T T and ).
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5.4  INTERPLAY BETWEEN MAGNETIC ORDER AND PHOTON HELICITY IN

ABSORPTION AND PHOTOCURRENT

The observations in Section 5.3 reveal that the photon helicity dependence of the spin
photocurrent is closely associated with the underlying magnetic order through the circular
polarization dependence of absorption, which possibly originates from the magnetic-order-coupled
charge-transfer exciton states in Crls. Here, we note that the reflective magnetic circular dichroism
(RMCD) signal in Fig. 5.6¢ essentially captures the circular polarization dependence of reflection,
which should also exhibit a similar circular polarization of absorption. To directly measure the
circular polarization of absorption, we employ the circular polarization-resolved differential
reflectance (AR/R) measurement of a trilayer Crl3 flake on sapphire substrate. All the four magnetic
states of trilayer Crls at selected magnetic fields {TT1 (2 T), 44 (-2 T), NT 0 T), ITL (0 T)}
are shown in Fig. 5.7. Distinct from the absorption measurement in Fig. 5.1¢, we find that the 6'/c"
(red/blue dots) absorption peaks split in both energy and intensity, and show strong magnetic state
dependence. These observations are consistent with the magnetic-order-coupled charge-transfer
exciton states in Crls calculated by the many-body perturbation theory!!*. The splitting between
the 6" and o™ absorption peaks reveals the optical selection rules of the charge-transfer transitions

between the spin-polarized valence and conduction bands!!*!1°.
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Figure 5. 7. Circular polarization-resolved differential reflectance (AR/R) spectra measured from
a trilayer Crls flake on sapphire substrate for all the four magnetic states of trilayer Crl3 at selected

magnetic fields {TTT 2 T), LI4 (-2 T), N1 (0 T), ¥ (0 T)}. Red and blue dots correspond to

the 6" and o™ photon helicity, respectively. Insets show the corresponding magnetic states and the
optical microscope image of the trilayer Crl3 flake on sapphire substrate. Reproduced from

reference'!® with permission.

The observed magnetic-order-coupled charge-transfer exciton states in Crl3 can
potentially explain the photon helicity dependence of the spin photocurrent we have shown in
Section 5.3. As shown in Fig. 5.7, for the TT7 state, the 1.96 eV (632.8 nm) laser excitation
indicated by the red dashed line is near the resonance of the charge-transfer exciton state for the

o photon helicity, while the resonance for the 6" photon helicity corresponds to a different charge-



75
transfer exciton state at ~2.07 eV, which is about 110 meV higher. The stronger absorption at 1.96

eV for the 6™ than ¢* photon helicity can lead to the larger zero-bias photocurrent for the ¢~ than
o" laser excitation at 1.96 eV, as shown in Fig. 5.6a. For the {4 state, the absorption peaks are
switched for the o™ than o™ photon helicity in comparison to the T17 state, which also agrees well
with the opposite photon helicity dependence of the spin photocurrent for the {4 state (Fig. 5.6a).
Furthermore, we also observe notable but opposite splitting between the 6™ and ¢~ absorption peaks
for the two magnetic ground states of trilayer Crls at zero magnetic field (TVT and {T\), which
can be attributed to the opposite net magnetizations of the two magnetic states. All these
observations reveal that the charge-transfer exciton states in Crl3 are coupled to the underlying
magnetic order, which is the physical origin of the photon helicity dependence of the spin
photocurrent.

We can further utilize the circularly polarized optical selection rules of the charge-transfer
exciton states to control the photon helicity dependence of the spin photocurrent by tuning the
photon energy. As indicated by the dashed lines in Fig. 5.7, we select three photon energies, which
correspond to stronger ¢ absorption than ¢ (1.88 eV), nearly equal absorption (2.01 eV), and
weaker 6™ absorption than ™ (2.13 eV), respectively, for the 4\ state. Figure 5.8 shows the
photon helicity dependence of the zero-bias photocurrent measured with the three selected photon
energies. We find that, for the {4 state, the o* laser excitation at 1.88 eV gives a larger zero-bias
photocurrent than the ¢~ laser excitation, and this photon helicity dependence is reversed for the
laser excitation at 2.13 eV, which are in good agreement with the photon helicity dependence of
absorption. For the laser excitation at 2.01 eV, the photon helicity dependence of the zero-bias
photocurrent nearly vanishes, consistent with the observed nearly equal absorption for the ¢ and

o laser excitation.
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Figure 5. 8. Zero-bias photocurrent as a function of the quarter-wave plate angle for the TT7 state
(2 T, red dots) and the J4 state (-2 T, black dots) measured from the trilayer Crls device with an
optical power of 10 pW for the three selected photon energies indicated by the dashed lines in Fig.

5.7. Reproduced from reference!!® with permission.
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To directly compare the photon helicity dependence of the zero-bias photocurrent and
absorption, we measure the change in zero-bias photocurrent for the 6" and o™ laser excitation (Alph
[67-57]) as a function of photon energy, as shown in Fig. 5.9. For the 44 { state, we observe positive
and negative change in zero-bias photocurrent as a function of photon energy, and a change in sign
at ~2.01 eV. This matches well with the overlaid photon helicity difference of the differential
reflectance (AR/R(c")-AR/R(c")). In contrast, the photon helicity dependence is reversed for the
T state, since it is the time reversal of the 44 state, as shown in Fig. 5.8 and 5.9. All these
observations reveal the strong correspondence between the zero-bias photocurrent and the RMCD
signal in Fig. 5.6. For a given magnetic state (T17) and photon energy, the splitting between the
o' and o absorption peaks reveals the circular polarization dependence of absorption and
reflection, which result in the photon helicity dependence of the zero-bias photocurrent and the
RMCD signal, respectively. As the photon energy is tuned, the photon helicity difference of the
differential reflectance can be switched, and thus the photon helicity dependence of the zero-bias

photocurrent is also reversed.
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Figure 5. 9. Photon helicity difference of the differential reflectance (AR/R(c")-AR/R(c")) and the

overlaid change in zero-bias photocurrent (Alph [67-67] = Irn(c") - Irn(c7)) as a function of photon
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energy for the T17 state (2 T, red dots) and the J4{ state (-2 T, black dots) of trilayer Crls. The
differential reflectance is measured from the trilayer Crls flake on sapphire substrate at -2 T. The
zero-bias photocurrent is measured from the trilayer Crls device with an optical power of 10 uW.

Reproduced from reference!!'® with permission.

In conclusion, we explore the spin photovoltaic effect in magnetic vdW heterostructures
based on atomically thin Crl3. The photocurrent response of Crls junction devices exhibits distinct
dependence on the magnetic states, together with a giant photo-magnetocurrent effect. We also
investigate the photon helicity dependence of the photocurrent response, revealing the emergent
interplay between the spin photocurrent and the underlying excitons, intrinsic magnetic order,
photon energy and helicity. We demonstrate a proof-of-concept spin-optoelectronics device by

engineering magnetic vdW heterostructures.
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APPENDIX A

Device fabrication

The monolayer/few-layer graphene and 5-40 nm hBN flakes were mechanically exfoliated
onto either 285 nm or 90 nm Si0O2/Si substrates and examined by optical and atomic force
microscopy under ambient conditions. Only atomically clean and smooth flakes were used for
making devices. V/Au (5/50 nm) metal electrodes were deposited onto a 285 nm SiO2/Si substrate
using standard electron beam lithography with a bilayer resist (A4 495 and A4 950 poly (methyl
methacrylate) (PMMA)) and electron beam evaporation. Crls crystals were exfoliated onto 90 nm
Si02/Si substrates in an inert gas glovebox with water and oxygen concentration less than 0.1 ppm.
The Crls flake thickness was identified by optical contrast with respect to the substrate using the
established optical contrast model. The layer assembly was performed in the glovebox using a
polymer-based dry transfer technique. The flakes were picked up sequentially: top hBN, top
graphene contact, Crls, bottom graphene contact, bottom hBN. The resulting stacks were then
transferred and released on the pre-patterned electrodes. In the resulting heterostructure, the Crls
flake is fully encapsulated on both sides, and the top/bottom graphene flakes are connected to the
pre-patterned electrodes. Finally, the polymer was dissolved in chloroform for less than one minute
to minimize the sample exposure to ambient conditions. For the pressure study, the SiO2/Si
substrates were diced to approximately 1.7 mm by 1.7 mm to fit into the inner bore of the pressure

cell.
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APPENDIX B

Electrical measurement

The electrical measurements were performed in a PPMS DynaCool cryostat (Quantum
Design, Inc.) with a base temperature of 1.7 K and magnetic field up to 9 T. The Crl3 devices were
mounted in a Horizontal Rotator probe, which allows device rotations around an axis perpendicular
to the magnetic field of the longitudinal PPMS magnet. For DC measurement, a bias voltage (V)
is applied to the top graphene contact with the bottom one grounded. The resulting tunneling
current is amplified and measured by a current preamplifier (DL Instruments; Model 1211).

The measurements at high pressure were performed with a piston pressure cell in a VTI
insert cryostat under similar experimental conditions. The hydrostatic pressure was applied using
a pressure cell. The device was first glued to a metal stage using epoxy, then Pt wires were affixed
to the gold contacts using silver paste. A Teflon cup was filled with the pressure medium (oil) and
carefully fitted over the device and onto the stage, such that the device is completely encapsulated
in oil. The stage/Teflon cup was then fitted into the inner bore of a piston cylinder cell and a
hydraulic press was used to compress the top of the Teflon cup which was held in place by a
locking nut. The pressure cell was then loaded into a cryostat for electrical measurement. The in-
situ pressure was determined by measuring the fluorescence response of a ruby crystal in the cell
through a thin optical fiber at both room and low temperature. Increasing or decreasing pressure
requires warming the sample to room temperature and re-loading the cell in the hydraulic press

before cooling again.
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APPENDIX C

Optical measurement

When a sample is magnetized with an out-of-plane magnetization, the material may exhibit
both magnetic circular birefringence (MCB) and magnetic circular dichroism (MCD). MCB
induces a phase difference between right-circularly polarized (RCP) and left-circularly polarized
(LCP) light, while MCD induces an amplitude difference between RCP and LCP light. When
linearly polarized light, an equal superposition of RCP and LCP light, is reflected off the surface
of the magnetized material, the phase difference between RCP and LCP light causes a rotation in
the linear polarization from the magneto-optical Kerr effect (MOKE), while the amplitude
difference between RCP and LCP light induces elliptical polarization from reflective magnetic
circular dichroism (RMCD).

The reflective magnetic circular dichroism (RMCD) and Kerr rotation measurements were
performed in two similar cryostats (attoDRY 2100 and Quantum Design OptiCool) under the same
experimental conditions. A 632.8 nm HeNe laser was used to probe the device at normal incidence
with a fixed power of ~1 uW. The AC lock-in measurement technique was used to measure the
RMCD and Kerr rotation signal from the atomically thin Crls.

For the differential reflectance measurements, we spatially filtered a tungsten halogen lamp
and focused the beam to a ~3 um spot size on the Crls. The reflected light was deflected with a
beamsplitter and detected by a spectrometer and a liquid-nitrogen-cooled charge-coupled device,
which enabled signal measurement from 1.4 eV to 3 eV. To obtain the differential reflectance, we

subtracted and normalized the Crls reflectance by the reflectance of the sapphire substrate. The
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absorbance of Crls is proportional to the differential reflectance, which can be determined as

~(n? = 1)AR/R.
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APPENDIX D

Photocurrent measurement

The photocurrent measurements were performed in a closed-cycle cryostat (attoDRY
2100) at a temperature of 2 K and an out-of-plane magnetic field up to 9 T. A 632.8 nm HeNe
laser was focused to a ~1 pm spot size at normal incidence to generate photocurrent. For DC
measurement, a bias voltage (V) was applied to the top graphene contact with the bottom contact
grounded. The resulting photocurrent was amplified and measured by a current preamplifier (DL
Instruments; Model 1211). For AC measurement, a standard lock-in technique was used to
measure the change in photocurrent with Stanford Research Systems SR830. For the photon
energy dependence measurement, a SolsTiS continuous-wave widely tunable laser was used to
generate photocurrent. For the photon helicity dependence measurement, a motorized precision
rotation mount was used to rotate an achromatic quarter-wave plate with respect to the linear

polarized incident laser beam.
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