
 

 

 

 

  

Raman spectroscopy of bulk and thin layers of van der Waals magnet CrI3 

 

 

by 
 

Zhipeng Ye 
 

Dissertation 
 

In 
 

Electrical Engineering 

 
Submitted to the Graduate Faculty 

of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

Approved 
 

Rui He, Ph.D. 
Chair of the Committee 

 
Hongxing Jiang, Ph.D. 

 
Jingyu Lin, Ph.D. 

 
Mark Sheridan, Ph.D. 

Dean of the Graduate School 
 

May, 2022  



  

 

 

 

 

 

 

 

 

 

 

 

Copyright 2022, Zhipeng Ye 

  



Texas Tech University, Zhipeng Ye, May 2022 

 ii 

ACKNOWLEDGMENTS 

First, I would like to give my deepest appreciation to my Ph.D. advisor, Dr. 

Rui He, for guiding, mentoring, and supporting me throughout my graduate career. 

She gave me the opportunity to build the lab from beginning, engage with other teams, 

attend various conferences, led me went into the new world of 2D magnetic material. 

She gave me the right instruction when I was confused and also taught me how to give 

professional talks and write professional articles. Critical thinking was the most 

important thing I learned in these years. This not only helps me solve problems, but 

also helps me develop creative ideas in research. 

I would like to thank colleagues in my group, Gaihua Ye, for working together 

many years. He is a warm heart person and been proficient at search and data digging. 

I also got a lot of help from other graduate or undergraduate students in our group, 

Pouyan Rezaie, Fabian Diaz, Saad Siddiq, Eric Wauer, Isaac Morales, Rice Rodriguez 

and visiting student Laura Rojas. Thanks for spending days and nights working and 

collecting data with me together. 

I want to acknowledge all collaborator groups that I have worked with. Dr. 

Joshua Lui, Dr. Erfu Liu helped me and shared expertise with me on the magnet 

cryostat and wire bonding.  Dr. Liuyan Zhao, Dr. Wencan Jin, Dr. Hongchao Xie, 

Xiangpeng Luo fabricated high-quality CrI3 sample and taught me the top tip of 

setting up MCD device and explain the principles, which are essential to our 

measurements. Dr. Adam W. Tsen, Dr. Hyun Ho Kim and Bowen Yang fabricated 

high-quality samples and helped me with device measurements. Dr. Xiaoqin Li, David 

Lujan and Jeongheon Choe visited our group and shared a lot of research experience 

with me.  

I would also like to thank my colleagues from neighboring group. Those gave 

me help anytime I needed: Dr. Jing Li, Weiping Zhao, Jason Guinn, Qing Feng, Dr. 

Zhenyu Sun, Dr. Qingwen Wang, Dr. Sam Grenadier, Dr. Avisek Maity, Haining 

Huang, Yaqiong Yan, Trey Smith, Michael McKay, Honglin Gong, Attasit 

Tingsuwatit and Yu-Che Ho. All of them are very glad to share experience and help 

me solve problem. 



Texas Tech University, Zhipeng Ye, May 2022 

 iii 

I would also like to thank Dr. Hongxing Jiang and Dr. Jinyu Lin for their 

guidance and being on my dissertation committee. 

Lastly, I am deeply grateful to my family for their love and support.  

  



Texas Tech University, Zhipeng Ye, May 2022 

 iv 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................... ii 

ABSTRACT .......................................................................................................... vi 

LIST OF TABLES .............................................................................................. vii 

LIST OF FIGURES ........................................................................................... viii 

1. INTRODUCTION ............................................................................................. 1 

1.1 Background ................................................................................................. 1 

1.2 My contributions ......................................................................................... 2 

2. EXPERIMENTAL METHODS ....................................................................... 4 

2.1 CrI3 single crystals growth .......................................................................... 4 

2.2 Fabrication of few-layer samples ................................................................ 5 

2.3 Instrument setup .......................................................................................... 5 

3. MAGNETIC-FIELD-INDUCED QUANTUM PHASE   

TRANSITIONS IN BULK CRI3 ...................................................................... 7 

3.1 Overview ..................................................................................................... 7 

3.2 Magnetic field dependent Raman modes in bulk CrI3 ................................ 8 

3.3 M0 mode magnetic field dependence ........................................................ 10 

3.4 Magnetic field driven structural phase transition ...................................... 12 

3.5 Temperature vs. external magnetic field phase diagram of bulk 
CrI3 ............................................................................................................ 14 

4. TUNABLE LAYERED-MAGNETISM-ASSISTED MAGNETO-

RAMAN EFFECT IN FEW-LAYER CRI3 .................................................. 16 

4.1 Overview ................................................................................................... 16 

4.2 Experimental methods ............................................................................... 17 

4.3 Davydov splitting of Ag phonon mode in N-layer CrI3 ............................. 17 

4.4 Multi-phonon scattering ............................................................................ 23 



Texas Tech University, Zhipeng Ye, May 2022 

 v

4.5 Magnetic field dependence of layered-magnetism-assisted phonon 
modes ........................................................................................................ 25 

5. ELECTRON-PHONON INTERACTIONS IN 2D CRI3 ............................ 32 

5.1 Overview ................................................................................................... 32 

5.2 Exciton transitions in 2-layer CrI3 ............................................................ 32 

5.3 Polaronic character of 2-layer CrI3 exciton dynamics .............................. 33 

5.4 Polaronic effect temperature dependence ................................................. 37 

5.5 Polaronic effect magnetic field dependence ............................................. 39 

6. SUMMARY AND OUTLOOK ...................................................................... 42 

REFERENCES .................................................................................................... 43 

 



Texas Tech University, Zhipeng Ye, May 2022 

 vi 

ABSTRACT 

Van der Waals (VDW, 2D) magnets have drawn a lot of attention because of 

their exotic fundamental properties and significant potential applications in spintronic 

devices and data storage. Among various family members of 2D magnets, chromium 

triiodide (CrI3) is interesting because it hosts Ising ferromagnet down to the monolayer 

limit and it shows interlayer antiferromagnetism in few-layer crystals. In this 

dissertation research, we use linear and circularly polarized Raman spectroscopy, 

combined with temperature and magnetic field dependent Raman measurements, to 

probe lattice, charge, and spin excitations in three-dimensional (3D) bulk and few-

layer (2D) CrI3. We revealed a new combined state of layered antiferromagnetic 

(AFM) and ferromagnetic (FM) that coexist in 3D bulk CrI3 below the magnetic onset 

temperature that the layered AFM exists in the surface layers, and the FM exists in the 

deeper bulk layers. We discovered magnetism-related phonons with anti-symmetric 

Raman tensors and from Davydov-splitting of Ag phonon in monolayer CrI3. We 

proposed a distinctive layered-magnetism-assisted Raman effect in N-layer CrI3. We 

observed periodic broad modes went up to the 8th order in Raman spectra from 2D 

CrI3, which are attributed to the polaronic character of excitons. Our studies developed 

Raman methods for studies of diverse 2D magnetic materials.  
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Chapter 1                                                                                 
Introduction 

1.1 Background 

Since the scotch tape technique [1] has been discovered for making single 

layer graphene, the two dimensional (2D) van der Waals (VDW) materials have 

attracted great attention. 2D magnet is one of the van der Waals materials that have 

unique functionalities. For example, FePS3, MnSe2, Cr2Ge2Te6, VSe2 and CrI3 have 

been discovered to show magnetic order in single atomic layers [2]. Our focus is on 

the chromium triiodide (CrI3). Recently chromium triiodide has been experimentally 

shown to host Ising ferromagnet down to monolayer limit [3]. And more importantly, 

in its 2D few-layer form, it is the first-ever interlayer antiferromagnetic (AFM) 

semiconductor [4, 5]. In the bulk and layered form of CrI3, each Cr atom is coordinate 

with six I atoms and form the octahedral cage (Fig1.1a). Within each layer, the Cr 

atoms form honeycomb lattice (Fig1.1b). The layers have two stacking orders: 

monoclinic stacking (Fig1.1c) and rhombohedral stacking (Fig1.1d). The monoclinic 

stacking is preferred by interlayer AFM interaction, and the rhombohedral stacking is 

preferred by interlayer ferromagnetic (FM) interaction. 

 

Figure 1.1 Chromium triiodide essentials. (a) Top view of single layer CrI3. (b) CrI3 

cage: each Cr atom is coordinated with six I atoms. (c) Monoclinic stacking. (d) 
Rhombohedral stacking. (b) is from Ref. [3], (c) and (d) is from Ref. [6] 
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In bulk CrI3, the transition temperature Ts = 220 K is separating monoclinic (> 

220 K) and rhombohedral phase (< 220 K), and the Curie temperature TC = 61 K is 

separating paramagnetic (PM) (> 61 K) and ferromagnetic (FM) phase (< 61 K)[7]. 

For the FM phase, all the spins point in the same out-of-plane direction. In thin layers, 

monoclinic phase persists down to low temperature of 5 K [8], and the Curie 

temperature TC is ~ 45 K. Below TC ~ 45 K, the spins align ferromagnetically along 

the out-of-plane direction within each layer and antiferromagnetically between 

adjacent layers (interlayer AFM)[4, 5].  

More interestingly, for the layered AFM, it’s been reported [6, 9-11] that the 

layered AFM can be switched to the FM state by applying external stimuli. The 

external stimuli include pressure control [6], electric field control [2, 11, 12], 

electrostatic doping [13] and magnetic field control [3]. Based on these properties, this 

material will have potential applications in ultra-compact data storage and spintronic 

devices. 

 

1.2 My contributions 

In my research, I use magneto-Raman spectroscopy to probe the phonons and 

spin waves (magnons) in bulk and thin layers of CrI3. In bulk CrI3, I found that it is in 

a combined state of surface AFM and deep bulk FM, the top few tens of layers from 

the surface exhibit layered AFM. At the critical field of 2 T, the surface AFM transits 

into FM order. I also discovered a magnetic-field-induced first-order structural phase 

transition that occurs that the same time as the magnetic phase transition at 2 T. This 

study reveals the evolution from the FM in 3D to the layered AFM in 2D CrI3 [14]. 

For the 2D thin-layer CrI3, I found two Raman modes (M1 & M2) that originate 

from magnetic excitations in CrI3 atomic crystals [15]. Using linear chain model, I 

propose that the Raman mode at around 128 cm-1 with anti-symmetric Raman tensors 

come from Davydov splitting of Ag phonon mode in monolayer CrI3. The layer 

number dependence and magnetic field dependence of the Raman behaviors of these 

Davydov split modes can be explained using layered-AFM-phonon coupling [16].  
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In bilayer CrI3, I found a set of periodic broad modes which go up to the 8th 

order and are attributed to coupling between charge-transfer exciton at 1.96 eV and 

longitudinal optical phonon at 120.6 cm−1 [17]. The electron-phonon coupling is 

enhanced at the magnetic phase transition temperature of ~45 K. This electron-phonon 

coupling is also observed in thicker layers. 
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Chapter 2                                                                               
Experimental Methods 

 

2.1 CrI3 single crystals growth 

 The CrI3 single crystals were grown by the chemical vapor transport (CVT) 

technique[15], In this process, chromium powder (99.99% purity) and iodine flakes 

(99.999%) were put into a silicon tube at a molar ratio of 1:3. Then the tube was 

pumped down to less than 0.01 Pa and sealed off under vacuum, and inserted in a dual 

heating zone horizontal tube furnace. To achieve a better result, it took 2 days for the 

two growth zones gradually heated to 903 K and 823 K. Then temperature was held 

there for another 7 days to accumulate enough thickness. After this process, glossy, 

gray color, sheets-like crystals with thickness up to few millimeters can be stripped 

from the growth (Fig.2.1). CrI3 crystals have been shown to be highly photosensitive 

and extremely air sensitive (Fig.2.2) [18]. To protect and against degradation, the CrI3 

crystals must store in the high-purity nitrogen environment and avoid expose in 

atmosphere directly.  

 

 

Figure 2.1 Freshly cleaved CrI3 crystal mounted in the cryostat. 
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Figure 2.2 Same thin CrI3 flake exposed in air and light up by incandescent bulbs 
focused on a 60× objective lens at different interval of time. From Ref. [18] 

 

2.2 Fabrication of few-layer samples 

The few-layer form CrI3 were exfoliated in a nitrogen glovebox. The layer 

numbers was initially approximately calculated by contrast ratio of the optical images 

and then confirmed later by Raman spectroscopy at low temperature [16]. Using a 

polymer-stamping technique to pick up, transfer, and encapsulated the CrI3 flakes with 

two hexagonal boron nitride (hBN) flakes and then place onto a silicon substrate. The 

hBN layers function as protective layer keep out the ambient air to avoid CrI3 flakes 

oxidation and moistening. Then the hBN encapsulated CrI3 samples moved outside the 

glovebox and sent to measurements.  

 

2.3 Instrument setup   

Raman spectroscopy measurements were conducted using a Horiba LabRAM 

HR Evolution Raman spectrometer with a 632.8 nm wavelength laser. The incident 

laser beam was focused down to 3 μm diameter by a 40× LWD objective lens with 

correction collar on the sample surface, and the laser output was limited to ~100 μW. 

The scattered light was collected through the same objective in a 180° backscattering 

geometry, then sensed by a thermoelectric cooled CCD detector. With the ultra-low 

frequency module, spectral range could access down to 3.5cm-1. 
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This Raman spectroscopy is equipped with a helium closed cycle cryostat for 

the temperature dependent measurements, and a cryogen-free magnet for magnetic 

field-dependent measurements. The vacuum inside the cryostat evacuated to a base 

pressure of ~ 9×10-7 mbar, and the temperature of samples can be set from 5 K to 325 

K. The cryogen-free superconducting magnet systems is cooled down to below 4.2 K 

before magnetic field can be turned on and the magnetic field covered a wide intensity 

range from -7 to +7 T along the out-of-plane direction. This integrated setup shown as 

Fig.2.3 below. 

 

 

Figure 2.3 3D model of Raman microscope (blue) setup with magnet (green) and 
cryostat chamber (silver) in our lab. 
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Chapter 3                                                                                             
Magnetic-Field-Induced Quantum Phase Transitions in Bulk CrI3 

 

3.1 Overview 

In this bulk CrI3 study, we use both temperature dependent and magnetic field 

dependent with circularly polarized Raman spectroscopy to study the magnetic phase 

transitions and structural phase transitions in bulk CrI3. We discover a new mixed state 

of layered AFM and FM that coexist in 3D CrI3 bulk crystals below the magnetic 

onset temperature. The layered-AFM exists in the top few layers, and the FM is shown 

in deep internal bulk layers. We also reveal that the surface layered-AFM transits into 

the FM at external magnetic field above 2 T. We further found a 1st order structural 

phase transition that correspond to the crystallographic point group from C3i 

(rhombohedral) changes to C2h (monoclinic) which occurs at 2 T. Our outcome tells 

the close links between layered-AFM to FM and the rhombohedral to monoclinic 

phase transitions [14].  

In the bulk form of CrI3, at phase transition temperature TS = 220 K it 

undergoes a monoclinic (C2h) to rhombohedral (C3i) structural phase transition and at 

Curie temperature Tc = 61 K it develops an FM long range order [7]. Below Curie 

temperature Tc, all the magnetic moments of Cr point in the same out-of-plane 

direction. In our case, we perform temperature and magnetic field dependent Raman 

measurements of the bulk CrI3. Temperature ranges from 10 K to room temperature, 

the magnetic field can vary from 0 Tesla to ±7 Tesla. To avoid Faraday effect of linear 

polarized laser light transmitted in the object lens caused by the applied magnetic 

field, we choose setup a circularly polarization for reliable Raman selection rule 

measurements under nonzero external magnetic field.  
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3.2 Magnetic field dependent Raman modes in bulk CrI3 

 We start with magnetic field and temperature dependent Raman spectra from a 

CrI3 crystal with a freshly cleaved surface in circularly polarized channels. We use L 

and R to represent the incident (first letter) and scattered light (second letter) being 

left-handed or right-handed circularly polarized. Figure 3.1a shows the spectra from 

bulk CrI3 at 10 K and without external magnetic field (0T). Figure 3.1c shows the 

spectrum at 10 K and 7 T. Here we sort out all the recognized modes into three 

categories based upon their symmetry properties. First category includes phonon 

modes of Ag and Eg symmetry of the C3i point group. The Ag modes (i.e., ~79 cm-1 and 

~130 cm-1 peaks) only show in co-circularly polarized (LL or RR) channels. The Eg 

modes (i.e., the modes near 107 cm-1) only exist in LR or RL channels [15, 18, 19]. 

Both Ag and Eg modes are expected for the rhombohedral crystal structure. The 

second group includes the M1 (~77 cm-1) and M2 (~126 cm-1) modes. They only show 

in crossed linear polarization channel [15] and LL/RR channels. These two modes are 

assigned to magnetism-include phonon modes [16], and more details are discussed in 

Chapter 4. The third type is M0 which has extremely low energy that is close to the 

Rayleigh light in the spectra. These M0 modes have not been discovered before [15, 

18, 19] or been predicted theoretically in the past [20, 21] in Raman studies of CrI3 

and are observed in both LL and LR channels. In the consideration of symmetry, these 

M0-type modes do not follow the selection rules for phonons in rhombohedral crystal 

structure and the FM order. The energies of these M0 modes ~4 cm-1 (0.49 meV) are 

close to that of the spin wave gap of bulk CrI3 reported in the literature, which is on 

the order of 1 meV [22]. 
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Figure 3.1 (a) Raman spectra of freshly cleaved bulk CrI3 in 10 K at 0 T in LL and LR 
circularly polarization channels. Raw data are shown as dots. Fitted curves are shown 
as lines. Raman modes are mark on top of each peak. N stands for noise. P stand for 
phonon mode. M represents magnetism-related modes. (b) A color map of magnetic 
field dependence 0 T to 7 T Raman spectra at 10 K in the LL circularly polarization 
channel. The noise line blocked by a gray stripe. (c) Same as (a) but 7 T instead of 0 T 
(d) From top to bottom: temperature dependence of M0 mode frequencies, temperature 
dependence of M1 and M2 modes intensity. All temperature dependence data are fitted 
with an order parameter-like function ∝ ��� − � (for T < Tc). 

 

Figure 3.2 A color map of magnetic field dependence 0 T to 7 T Raman spectra at 10 
K in the LR channel. The noise line blocked by a gray stripe. 

We performed magnetic field dependence of Raman measurements to probe 

coupling between phonons and magnetic states. Figure 3.1b shows the Raman spectra 

under out-of-plane magnetic field (B ⊥ ab) at 10 K in the LL channel. A similar 

magnetic field dependence under the LR channel is shown in Fig. 3.2. First, the 
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frequency of M0 modes clearly shift linearly as a function of magnetic field, which is 

expected for spin wave excitations. However, there is a discontinuity in the spin wave 

frequency at Bc ~2 T, and we can observe multiple branches below Bc. Moreover, this 

M0 modes get soften toward to 0 cm-1 when the temperature approaches the onset 

temperature of 45 K. Its temperature dependence follows the order-parameter trend of ∝ ��� − � across the magnetic phase transition [23, 24]. Based on both the linear 

dependence of frequencies under magnetic field and the softening of M0 frequencies at 

increasing temperature, we can assign M0-type modes to be spin wave excitations. 

However, this onset temperature 45 K is different from the bulk FM temperature but 

consistent with magnetic onset temperature in few layer CrI3. Second, in LL channel 

(see Fig. 3.1b), M1 and M2 modes show magnetic field independence below Bc and 

discontinued above Bc. This phenomenon of M1 and M2 modes below 2 T immediately 

excludes the possibility of them from being conventional spin wave excitations. Third, 

the phonon modes remain the same frequencies across the critical magnetic field of 2 

T.  

3.3 M0 mode magnetic field dependence    

To further show the magnetic field dependence of M0 modes, we summarized 

M0 frequencies as a function of the external magnetic field. Fig.3.3 shows the 

experiment result (left panel) of combined anti-Stokes and Stokes shifts in the LL 

channel. There are three branches below Bc, and then the three branches collapse into 

one branch above Bc. In greater detail, two of the three branches start with close 

frequencies, M0a at ~3.4 cm-1 M0b at ~3.9 cm-1. These two branches evolve with 

opposite trends as magnetic field increases. This is typical behavior of Zeeman shifts 

of spin waves in AFMs state. However, the third one M0c could be seen starting at 1 T, 

and its frequency evolves linearly with increasing B field. This branch also 

experiences a faint discontinuity of frequency at Bc. M0c is consistent with spin wave 

in FM state below and above Bc. 
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Figure 3.3 Magnetic field dependence of M0-type mode experimental data (left) and 
spin-wave calculations (right). Below the critical magnetic field Bc = 2 T, there are 
three branches labeled as M0a, M0b and M0c.  

 We propose a mixed state of surface AFM and deep bulk FM for a 3D bulk 

CrI3, unlike the literature assignment of a pure FM phase [7]. As shown in Fig 3.4 left, 

below Bc, both surface AFM (denoted as SAFM) and bulk FM (denoted as BFM) exist 

in bulk CrI3. The surface AFM exists in surface layers and similar to what was 

reported in 2D CrI3 thin layers case [4, 5], and the deep bulk layers show FM order, as 

revealed by bulk magnetization measurements [25]. M0a and M0b branches seen in Fig. 

3.3 come from the SAFM magnon with opposite Zeeman shifts, while the singular 

branch M0c comes from the BFM magnon with a linearly frequency shift in an 

increasing magnetic field. Also noted is that the BFM provides an effective magnetic 

field of 0.27 T (3.9 − 3.4 cm�� = 2������� => ���� = 0.27 T) to lift the 

degeneracy of two spin waves of the SAFM at the 0 T external magnetic field. Above 

Bc, SAFM transits into a pure FM state in CrI3 (right, Fig. 3.4). 

 

Figure 3.4 Sketch drawing of the mixed state of the surface AFM below Bc (left) and 
the deep bulk FM (right) shows pure FM state above Bc. 
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3.4 Magnetic field driven structural phase transition 

 At the magnetic phase transition critical field Bc, from the change of phonon 

modes, we can see that the lattice also experiences a structural phase transition across 

Bc. Table 1 summarizes phonon symmetries in both rhombohedral and monoclinic 

phases of CrI3. We select Ag phonon and Eg phonon modes (shown in Fig. 3.5a-c) to 

analyze the structural phase transition.  

Table 3.1 Selection rules for Raman in both rhombohedral and monoclinic phases of 
CrI3 at LL or RR channels. 

  LL channel RR channel 

Rhombohedral (C3i point group) M1,2, Ag  Eg 

Monoclinic (C2h point group) Ag Ag, Bg 

 

For the Ag phonon mode at ~129 cm-1 (see Fig. 3.1), below the Bc, it is absent 

in the LR channel, and then it leaks into the LR channel above the critical field (as 

shown in Fig. 3.5a). This leakage suggests that the Raman tensor transforms from 

�� 00 �� form to �� 00 �� form while across Bc, which is consistent with the structural 

change from rhombohedral to monoclinic. We suggest the shearing of CrI3 layers in 

the lateral direction in this structural phase transition from C3i rhombohedral to C2h 

monoclinic symmetry (see Fig. 3.6). The Eg modes at ~109 cm-1 (see Fig. 3.1) leaks 

into the LL channel above Bc (as shown in Fig. 3.5b), which is also consistent with a 

change from rhombohedral (C3i) structure to monoclinic (C2h). The intensity of the Eg 

mode at ~240 cm-1 experiences a discontinuity in the LR channel at Bc without leaking 

in the channel LL (as shown in Fig. 3.5c). It can be attributed to Eg phonon of 

rhombohedral (C3i) turning into Bg phonon of monoclinic (C2h). All the three cases 
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indicate there is a rhombohedral to monoclinic structural change that happens at 

critical field Bc.  

 

 

Figure 3.5 (a) Ag phonon mode at ~129 cm-1 leak into the LR channel across Bc. (b) Eg 
phonon at ~109 cm−1 leakage into the LL channel, corresponding to Eg(C3i) turns into 
Ag(C2h). (c) Eg phonon at ~240 cm−1 experiences an obvious gap in the LR channel but 
remains silent in the LL channel. This corresponds to Eg(C3i) turns into Bg(C2h). 

 

 

Figure 3.6 Sketch drawing of the shearing of CrI3 layers across the magnetic phase 
transition Bc. The blue ovals shadow stand for the directors between the layers formed 
as a result of this lattice deformation. 
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3.5 Temperature vs. external magnetic field phase diagram of bulk 
CrI3 

Finally, we are ready to construct a temperature vs. magnetic field phase 

diagram for bulk CrI3. By performing temperature dependence at multiple magnetic 

field (i.e., 1.5, 3.5, 5, and 7 T, see Fig. 3.7a) and magnetic field dependence at 

different temperatures (i.e., 11, 25, 35, 40, and 70 K, see Fig. 3.7b), we propose the 

phase diagram as shown in Fig. 3.7c. From temperature dependence of M0c frequency 

(Fig. 3.7a), we can see that there is a crossover between FM and PM states. This 

crossover line is mark as blue stripes in Fig 3.7a and c. By extrapolating the 

experimental data points to zero external magnetic field, we can see that the line hits 

the horizontal axis at 61 K, which is consistent with the critical temperature of 61 K 

reported in the literature [7]. Fig. 3.7b shows the magnetic field dependence of the M2 

intensity at different temperatures, we find that the critical magnetic field Bc decreases 

as the temperature is raised, which determines the phase boundary between 

SAFM+BFM mixed state (rhombohedral) and pure FM (monoclinic) state. This phase 

boundary is highlighted by brown solid line in Fig. 3.7c. We then propose the gray 

dashed line as a possible phase boundary that separates the rhombohedral and 

monoclinic PM phases [7]. To our knowledge, this is the first phase diagram for 2D 

magnet. 
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Figure 3.7 (a) M0c frequency temperature dependence at 1.5 T (below Bc), 3.5 T, 5 T, 
and 7 T (above Bc) magnetic fields. The dashed line is fitted to the data at 1.5 T and 
the solid lines are guides to the eye. The blue line stripe highlights the crossover from 
the PM to FM states. (b) M2 intensity magnetic field dependence at different 
temperatures of 11 K, 25 K, 35 K, 40 K (below Tc), and 70 K (above Tc). (c) A 
constructed phase diagram map of temperature vs. external magnetic based on both the 
results from the current work (blue hollow circle and brown filled circle) and the 
literature knowledge (blue open diamond and filled diamond, Ref. [7]). 
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Chapter 4                                                                                            
Tunable Layered-magnetism-assisted Magneto-Raman Effect            

in Few-layer CrI3 

4.1 Overview 

In this 2D CrI3 study, we use magnetic field dependent and temperature 

dependent Raman spectroscopy with circularly polarized laser, combine with model 

magnetism-phonon coupling calculations to examine the rich effect of magneto-

Raman in N-layer (N = 1-4) CrI3 [16]. 

 As I discussed in Chapter 1, single layer CrI3 is ferromagnetic, and few layers 

(N ≥ 2) CrI3 is featured with a layered-AFM order where the spins align 

ferromagnetically along to the out-of-plane direction inside each layer and 

antiferromagnetically between the adjacent layers [4, 5]. The layered-AFM would 

transit to FM phase by applying external magnetic field [3], hydrostatic pressure [26], 

electric field  [2, 11, 12], or electrostatic doping [13]. In 2D CrI3, the strong coupling 

among spin and charge degrees of freedom makes it possible for magneto-optical 

effects expressed in a wide range of ways, including the large magneto-optical Kerr 

effect [3], magnetic circular dichroism [6, 9-11, 13, 27], spontaneous helical PL 

(photoluminescence) [28], giant nonreciprocal second-harmonic generation [29], and 

anomalous magneto-optical Raman effect [14, 15, 30-32]. Between all the magneto-

optical effects in CrI3, two main reasons for magneto-optical Raman effect appear 

most attractive. First, among all the known magnets, inelastic scattered light of the Ag 

phonon mode (~129 cm-1) in the FM stage of CrI3 has the strongest magnetism-

induced optical rotation, which can be observed at linearly polarization setup [30]. 

Second, at transition of layered-AFM to FM, in linear crossed polarization channel, 

various phonon modes show different magneto-optical behavior. The Ag mode appears 

while its nearby anti-symmetric mode (~127 cm-1) vanishes [14, 30-32]. Nevertheless, 

the provenance of the mechanism of magneto-Raman effect of these phonon modes is 

still under debate.[30, 32]. 
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4.2 Experimental methods 

 In this project, we measure N-layer CrI3 (N = 1 to 4) and closely investigate the 

magneto-optical Raman effect. We perform temperature, magnetic field, and laser 

polarization dependent Raman spectroscopy measurements. We propose a layered-

magnetism-assisted phonon scattering mechanism that account for the magneto-

Raman effect in CrI3 of any layer numbers. Samples were fabricated and provided by 

Dr. Adam Tsen’s group at the University of Waterloo and Dr. Liuyan Zhao’s group at 

the University of Michigan. Micro-Raman spectroscopic measurements were 

conducted in backscattering geometry. In this case, we use 632.8 nm wavelength laser 

which resonant match with the charge-transfer transition of CrI3 [28]. The CrI3 

samples were mounted and sealed inside a vacuum cryostat chamber which has a base 

pressure below 9×10-7 mbar, and applied an out-of-plane magnetic field (B⊥) up to 2.2 

T. 

 

4.3 Davydov splitting of Ag phonon mode in N-layer CrI3 

 We first solve in N-layer CrI3, the interlayer coupling-induced splitting of the 

monolayer Ag mode [20, 21]. Figure 4.1 shows 1 to 4 layers CrI3 Raman spectra at T = 

10 K in both crossed and parallel linear polarization channels. In previous research for 

CrI3, we founded that the modes in the crossed polarization in Fig. 4.1 correspond to 

antisymmetric Raman tensor (RAS) and modes in the parallel polarization channel are 

for symmetric Raman tensor of Ag symmetry (RS) [15]. We highlighted all the modes 

in different layer number and summarize them in Fig. 4.2. Three key features can be 

observed here: first, the total number of modes increase as the number of layers. 

Second, the strongest mode separation gets larger in thicker layers. Third, in odd layer 

number, crossed and parallel channels show modes of the same frequencies, but in 

even layer number, crossed and parallel channels select modes with different 

frequencies.  
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Figure 4.1 1 to 4 layers CrI3 Raman spectra in linear crossed (blue) and parallel (red) 
channels at T = 10 K.  

 

 

Figure 4.2 Comparison of calculated and measured mode frequencies.  
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To understand the experimental result of the splitting in Ag mode, we did a 

simple linear chain model calculation for N-layer CrI3. Simple linear chain model was 

established in few-layer transition metal dichalcogenides [33-36]. 

 =   ! + �# ∑ %&'(�� − '()#*(+# , with  ! =  ∑ &�# ,'- (# + �# %!'(#)*(+�   (4.1)  

here 
�# ∑ %&'(�� − '()#*(+#  is interlayer coupling and ∑ &�# ,'- (# + �# %!'(#)*(+�  is 

intralayer coupling. %! stands for force constant of monolayer CrI3 original Ag mode, % 

is coupling constant between the adjacent layers, '( is magnitude and phase of the 

atomic displacement within the ith layer. By combining them together, in N-layer CrI3 

the Hamiltonian of Ag mode can be written as  

 =  ∑ &�# ,'- (# + �# %!'(#)*(+� + �# ∑ %&'(�� − '()#*(+# = �# ./0.          (4.2)  

with eigenmode . = 1'�'#⋮'*
3 ,  

then we can get the 4 × 4 matrix 

 0 =  
⎝
⎜⎜
⎛%! + % −% 0 … … 0−% %! + 2% −%   00 −% %! + 2%   0⋮   ⋱  ⋮⋮    %! + 2% −%0 0 0 … −% %! + %⎠

⎟⎟
⎞

*×*
=  %!> + %?     

(4.3)  

We thus obtain matrix G, in which I is identify matrix. Matrix G explains interlayer 

coupling. We diagonalize the matrix G to find its eigenvalues, eigenvectors and 

eigenmodes for N-layer CrI3. With intralayer phonon mode frequency @! = ABCD =
129.10 ± 0.10cm-1   and interlayer coupling frequency @ = A BD = 15.98 ± 0.55 cm-1, 

the eigenfrequencies Ω(&@!, @) = �@!# + K(@# can also be calculated. The calculated 

frequencies Ω( (diamonds shape) fit well with all the experimental values (colored 

filled point), as shown in Fig. 4.2. All the calculated results are presented in table 4.1 

and 4.2. 
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Table 4.1 Calculated N eigenmodes for N-layer CrI3. 
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Table 4.2 N eigenfrequencies for N-layer CrI3. 

 

 

Since N-layer CrI3 is a centrosymmetric structural material, its N calculated 

eigenmodes would have alternated parities, and the highest-frequency mode is always 

parity-even with equal and in-phase atomic displacements in all layers (i.e., .LL⃗ � =&1,1, … ,1)/√4). In the parallel linear polarization channel, only the modes with even 

parity and symmetric Raman tensor RS can be observed. Our expectation is to see 

every other mode started with the highest frequency one (P = 1,3,5, ⋯), and actually 

our expectation is consistent with the measurement data that U1 for N = 1 and 2 and 

U1,3 for N = 3 and 4 are observed in the parallel channel in Fig. 4.1 and 4.2. In Table 

4.1, U2 mode is missing from the spectrum of 3-layer CrI3. Because the U2 mode .# =
�√# R 10−1S is parity odd, which indicates that in parallel channel this mode is Raman-

inactive. In the meantime, the coupling between U2 and layered-AFM order T =
 R 1−11 S disappears as well. Hence, this mode cannot be seen in the crossed linear 

polarization channel either. Thus, U2 mode is lacking in spectrum from 3-layer CrI3 

shown in Fig. 4.1. 

Unlike the structure of N-layer CrI3, the order of layered-AFM is 

centrosymmetric for the odd layer number N however non-centrosymmetric for even 

layer number N. Raman-active would only happen when the coupled layered-AFM 

phonon is parity-even. Parity-even would be satisfied for coupling between parity-
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even phonon modes and odd N layer number or for coupling between parity-odd 

phonon modes and even N layer number. Due to presence of magnetism with broken 

time-reversal symmetry, this layered-AFM-assisted phonon scattering corresponds to 

Raman tensor RAS which is anti-symmetric and appear only in crossed linear 

polarization channel. This is consistent with the selection rule we observed in Fig. 4.1. 

The efficiency of coupling strength between a phonon mode and its related layered-

AFM order can be assessed with this dot product .LL⃑ ( ∙  TLL⃑  of the eigenmode vector .LL⃑ ( 
(see Table 4.1) onto the pseudo-vector (e.g., axial vector) for the layered-AFM TLL⃑  = 

(1,-1, …, (-1)N-1) with positive for spin up and negative for spin down in a single layer. 

Specifically, for any N larger than 1, the lowest-frequency mode .LL⃑ * functions out-of-

phase atomic displacement among adjacent layers and corresponds to the best the 

pattern of alternating spin directions in the layered-AFM order (Fig. 4.3), producing 

the largest coupling strength (.LL⃑ ( ∙  TLL⃑ ) and therefore strongest intensities amongst the 

modes in the crossed linear polarization (Fig. 4.1). All calculated selection rules for 

Raman and the layered-AFM state intensities in 1 to 4 layers CrI3 are shown Table 4.3.  

 

 

Figure 4.3 Lowest-frequency mode and its atomic displacement 
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Table 4.3  Selection rules calculation for Raman and the layered-AFM state intensities 
in N-layer CrI3. 

 

 

 

4.4 Multi-phonon scattering  

Figure 4.4 shows temperature dependence of the first order Ag mode at around 

128 cm-1 and the 2nd order and 3rd order modes from 2-layer CrI3. All three orders, the 

integrated intensities (I. I.) temperature dependence data fits well with an order 

parameter-like function >! = >��� − � (for T < Tc) (blue in Fig. 4.4b) in the crossed 

linear polarization channel. As a comparison, the ones in the parallel linear 
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polarization channel are fitted by anharmonic decay rate [37](red in Fig. 4.4b). We 

suggest a multi-phonon process [30, 31] (schematically shown in Fig. 4.5) to explain 

this multi-phonon process. 

 

 

Figure 4.4 (a) Temperature dependence of 2-layer CrI3 at 10 K, 40 K and 70K a in 
linear crossed (blue) and parallel (red) channels. (b) Temperature dependence of 
integrated intensities (I. I.) for1st, 2nd, and 3rd order.  Fitting with an order parameter-
like function >! = >��� − � (T < Tc) in the crossed linear polarization channel (blue 
squares). Fitting with anharmonic decay rate in the parallel linear polarization channel 
(red circles). 
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Figure 4.5 Schematic representation of the multi-phonon process.  

 

4.5 Magnetic field dependence of layered-magnetism-assisted 
phonon modes 

To verify our theory above, we conduct magnetic field dependence 

measurements of the layered-magnetism-assisted phonon modes and switch from 

linearly polarization setup to circularly polarization to carry out the Raman 

measurements. The reason for using circularly polarization is to avoid the Faraday 

effect of linear laser light while light that passes through optical elements in magnetic 

field.  

 In this paper, we are focusing on the 2-layer and 4-layer CrI3. For the 2-layer 

CrI3, it experiences a layered-AFM to FM phase transition at a critical magnetic field 
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Bc = ±0.6 T [3], Figure 4.6a shows the Raman spectra for both above (±1.4 T) and 

below (0 T) Bc at 10 K in LL and RR channels, which represent both the incident and 

scattered light are left-hand or right-hand circularly polarized. Below critical magnetic 

field Bc at 0 T, those two U1 and U2 modes of 2-layer CrI3 are shown in Raman spectra 

and exhibit same intensity in LL and RR channels. But above critical magnetic field 

Bc, U2 modes disappear, and just the high-frequency mode U1 continues. This U1 mode 

reveals large circular dichroism of ±78% &W.WXX�W.WYYW.WXXZW.WYY) . We further investigate the 

magnetic field dependence of U2 mode, as shown in Fig. 4.6b. Integrated intensity plot 

displayed in Fig. 4.6b clearly shows that it disappears above Bc, while U1 mode 

increases sharply in LL channel or decreases in RR channel at Bc. Figure 4.6e and 4.6f 

present the identical magnetic field dependence of these modes of 2-layer CrI3 at 2nd 

and 3rd order, but with less circular dichroism above Bc, 2nd order is ±71% and 3rd 

order is ± 50%.  

 

 

Figure 4.6 (a) 2-layer CrI3 Raman spectra in +1.4 T, 0 T, and -1.4T in LL and RR 
channel at 10 K. Raw data are shown as dots. Fitting curves are shown as lines. (b) 
Magnetic field dependence of U1 and U2 modes in LL (red circles) and RR (blue 
squares) circularly polarization channels. (c) 3 individual magnetic orders of 2-layer 
CrI3 phonon modes that have finite coupling strength .LL⃑ ( ∙  TLL⃑ . (d) Computed magnetic 
field (B⊥) dependence of U1 and U2. (e) Raman spectra of 2nd and 3rd order modes (raw 
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data) gained in identical parameter as in (a). (f) Magnetic field (B⊥) dependence of 2-
layer CrI3 2nd and 3rd order modes. 

To interpret the magnetic field dependence of the two 1st-order modes U1 and 

U2 of 2-layer CrI3, we adopt the model of layered-magnetism-phonon coupling we 

proposed above. For any mode .(, its Raman tensor [( =  [\( +  ]([^\(             (4.4)  

where R\(  is pure structural, magnetic field independent, and only exhibit for parity-

even modes, R^\(  is layered-magnetism-assisted and magnetic field dependent  

[^\( ∝  .LL⃑ ( ∙  TLL⃑           (4.5)  

where .LL⃑ ( is for phonon mode, TLL⃑  is magnetic order, and ]( is the ratio of the magnetic 

to structural contribution for the ith mode that depends on microscopic parameters like 

spin-orbit-coupling. For example, magnetic order TLL⃑  changes from (1, -1) to (±1, ±1) 

while crossing the layered-AFM to FM phase transition (at Bc = ±0.6 T). Table 4.4 and 

4.5 show coupling strength, Raman tensors and calculated Raman intensities for 

different possible magnetic states in 2-layer CrI3. The calculated Raman intensities 

match well with the experimental results for both U1 and U2 modes of 2-layer CrI3 (see 

Figs. 4.6b and d). 

Table 4.4 Coupling strength (.LL⃑ ( ∙  TLL⃑ ) calculation among the phonon mode (.LL⃑ () and the 
magnetic order (TLL⃑ ). 
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Table 4.5 Raman tensor calculation results and Raman intensities for the U1 and U2 
modes of 2-layer CrI3. 

 

 

For 4-layer CrI3 (N > 2), there is two transitions of spin-flip while increasing 

magnetic field (B⊥), first happens at Bc1 = ±0.7 T for spin flip in surface layers, and the 

second one pop at Bc2 = ±1.6 T for spin flip in interior layers[4, 5]. Without losing 

generality, we performed measurements in increasing magnetic field (02.2 T) and in 

the RR circular polarization channel. 1st order modes Raman spectra of 4-layer CrI3 in 

0 T, 1 T, and 2 T at 10 K shows in Fig. 4.7a. These three magnetic fields represent 

fields between the two transitions of spin-flip. At 0 T, three out of four modes are 

resolved, which correspond to U1, U3 and U4. They also well matched with Lorentzian 

profile. U2 is missing because it very weak and closes to the U1 mode, and thus 

overwhelmed by U1. The intensities of both U1 and U4 modes decrease at Bc1 and Bc2. 

Whereas the U3 mode intensity increases at Bc1 and then decreases at Bc2 (Fig 4.7b). 

The modes at 2nd and 3rd order are shown in Fig. 4.7e and f. They show similar trends 

as U1. 
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Figure 4.7 (a) 1st-order modes Raman spectra of 4-layer CrI3 in 0 T, 1 T, and 2 T at 10 
K. Raw data are shown as gray dots and fitted curves are shown in lines. (b) magnetic 
field dependence of U1, U3, and U4 modes. Critical magnetic fields Bc1 = 0.7 T and Bc2 
= 1.6 T are shown as vertical dashed lines. (c) List of 4-layer CrI3 phonon modes that 
have finite coupling strength .LL⃑ ( ∙  TLL⃑ . (d) Computed magnetic field (B⊥) dependence of 
U1, U2, U3 and U4. (e and f) Magnetic field (B⊥) dependence of modes at 2nd and 3rd 
order of 4-layer CrI3. 

For 4-layer CrI3 calculation, we use the same analysis as we did for 2-layer 

CrI3. The conventional structural [\(  is just for parity-even modes. The anti-symmetric 

Raman tensor component [^\( ∝  .LL⃑ ( ∙  TLL⃑ , TLL⃑  changes as a function of magnetic field 

(B⊥). Figure 4.7c illustrates the modes that have finite coupling to each layered 

magnetic state. Tables 4.6 and 4.7 display the calculated .LL⃑ ( ∙  TLL⃑ , Raman tensor, and 

calculated Raman intensities for different magnetic states in 4-layer CrI4. By turning ]( which is in ith mode, ratio of the magnetic over structural contribution, and turning �( which is the strength of ith mode Raman scattering, we can reproduce the magnetic 

field dependence of Raman intensities for U1, U3 and U4 modes of 4-layer CrI3 (see 

Fig. 4.7d). 
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Table 4.6 Calculated coupling strength (.LL⃑ ( ∙  TLL⃑ ) for 4-layer CrI3. 
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Table 4.7 Calculated Raman tensor forms and Raman intensities for the U1, U2, U3, 
and U4 modes of 4-layer CrI3. 
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Chapter 5                                                                                        
Electron-Phonon Interactions in 2D CrI3 

 5.1 Overview 

The exciton dynamics studies in 2D transition metal dichalcogenide (TMDC) 

semiconductors have triggered discoveries of a wide variety of interesting properties 

for optoelectronic applications. It is well known that the exciton dynamics could be 

heavily influenced by lattice vibrations over the electron-phonon (e-ph) coupling. CrI3, 

a newly identified 2D ferromagnetic semiconductor, offers a new way to explore 

exciton physics due to its localized molecular orbitals, long range intrinsic 

ferromagnetic order, and strong e-ph coupling. On this project, we observe long range 

broad modes that went up to the 8th order periodically in Raman spectra, which 

assigned to the polaronic character of excitons. Temperature dependence and magnetic 

field dependence of these periodic broad modes performed later. Our research reveals 

the coupling between the lattice, charge, and spin orders in 2D CrI3 [17]. 

5.2 Exciton transitions in 2-layer CrI3 

Our studies concentrate on 2-layer CrI3 since it has a single magnetic phase 

transition from interlayer AFM to FM at ~0.7 T. Figure 5.1 shows the PL spectra (left) 

and absorbance spectra (right) taken at 10 K, 40 K and 80 K (courtesy of Dr. Liuyan 

Zhao’s group), these three temperatures correspond to temperatures well below, slight 

below and above the TC ~ 45 K [3, 18, 28]. The PL spectra clearly show temperature 

dependent and peak at 1.11 eV. Absorbance spectra observed at all temperatures show 

A, B and C exciton transitions at 1.51 eV, 1.96 eV and 2.68 eV. Our 632.8 nm laser 

(~1.96 eV) overlaps with the B exciton. There is an energy loss (~ 0.4 eV) between the 

PL band and the A exciton, indicating a large Stokes shift and robust e-ph coupling in 

2D CrI3 which  agrees with a previous work [38]. The PL spectra clearly show 

temperature dependence (Fig 5.1 left). The width of the PL band can be fitted using 

the equation below Γ&�) = Γ! + abcd eℏgXhijk l��    (5.1)  
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where Γ&�) represents PL full-width-at-half-maximum (FWHM), Γ! is temperature 

independent inhomogeneous broadening. Second period represents homogeneous 

broadening (m) from the exciton coupling with a longitudinal optical (LO) phonon at 

frequency @LO = 120.6 cm-1 (discovered later in Fig 5.6). From fitting the PL FWHM 

to Eq. (5.1), we obtain the value for Γ! = 163.9 ± 2.7 meV, and m = 164.2 ±8.1 meV. The large m value suggests that the e-ph coupling in CrI3 is strong. 

 

 

Figure 5.1 PL spectra (left) and absorbance spectra (right) of 2-layer CrI3 covered 
between thin layer hBN on sapphire substrate taken at 10 K, 40 K and 80 K. A, B and 
C represent exciton transitions at 1.51 eV, 1.96 eV and 2.68 eV. The middle inset is a 
fit of FWHM of PL spectra vs. temperature based on Eq. (5.1). [Courtesy of Dr. 
Liuyan Zhao’s group.] 

 

 

5.3 Polaronic character of 2-layer CrI3 exciton dynamics 

 We preformed Raman spectroscopy measurement in crossed liner polarization 

with 632.8 nm incident laser which matches with the B exciton energy. The 2-layer 

CrI3 was covered between then layer hBN flakes and place on silicon substrate. Figure 

5.2 shows the Raman spectrum taken in crossed liner polarization channel at 40K 

which is a bit below Tc = 45 K. The spectrum range goes up to ~1100 cm-1 to cover all 

the visible modes. The three insets show zoom-in ranges of the first three orders of 

Raman phonon modes. The 1st order modes are sharp Raman phonon modes [8, 14, 
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15, 18, 19, 21, 30-32], which demonstrates that the quality of our sample is very high. 

The multi-phonon scattering is visible all the way to the 3rd order. The intensity of the 

2nd and 3rd orders decay very rapidly, and the multi-phonon modes are not visible 

beyond the 3rd order. 

 

 

Figure 5.2 2-layer CrI3 Raman spectrum taken in crossed liner polarization channel at 
40K using 632.8 nm wavelength laser. The spectrum range goes up to ~1100 cm-1. 
The three insets show the expansion of first three orders of sharp Raman modes. Red 
arrow marks the frequency of longitudinal optical (LO) phonon @st. 

Different from the sharp Raman modes, there is a long-range low intensity 

periodic pattern across the range from 50 to 1100 cm-1, as highlighted by orange color 

in Fig. 5.2 and expanded in Fig 5.3. This long-range low intensity periodic pattern can 

be decomposed to individual Lorentzian function profiles which go up to the 8th 

order. Each broad peak has a width of about ~50 cm-1, which is much wider than those 

of the sharp Raman phonon modes in Fig 5.2 insets. This type of periodic wide pattern 

can also be seen in anti-Stokes excitation at room temperature to the 2nd order (Fig 

5.4), that clearly supports its Raman origin rather than photoluminescence. 
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Figure 5.3 Raman spectrum of long-range low intensity periodic pattern in 2-layer CrI3 
at T = 40 K, up to the 8th order. The orange line shows a fit with Lorentzian profiles. 

 

Figure 5.4 Spectrum of long-range low intensity periodic pattern at T = 290 K. (QES: 
quasi-elastic scattering) 

 We then fit this long-range low intensity periodic pattern with a computation 

of Lorentzian function 

∑  * vw�xwy �y
&z�zw)yZ�xwy �y + {    (5.2)  

where @* is central frequency, Γ* is linewidth, |* is peak intensity of the Nth 

period mode and C is a background constant. This curve fitting method works well for 

all the eight orders as shown in Fig 5.3. In Fig 5.5, we compare fittings with and 

without the low intensity periodic pattern. We can see that fitting of Raman modes 

with a broad band centered at ~120 cm-1 (bottom panel of Fig. 5.5) is visibly improved 

than without the broad band (top panel of Fig. 5.5).  
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Figure 5.5 Fitting of 1st order spectral range without N=1 broad mode (top panel), and 
with N=1 broad mode (bottom panel). 

Figure 5.6 shows a map of central frequency ωN based on the order N on the 

Stokes side from 40 K fitting (Fig 5.3) and anti-Stokes side from 290 K data (Fig 5.4). 

We can clearly see a straight line, and the linear regression fit of this straight line gives 

a periodicity  120.6 ±  0.9 cm�� with an interception of 0 ±  0.2 cm�� . Then we try 

to find the source and the character of these periodic broad bands. We first exclude the 

origin of this periodic feature to rise from hBN layers and/or the silicon substrate 

because the same periodic broad modes are observed in bulk CrI3. Comparing our 

observation to phonon calculations of CrI3 monolayer [20], we propose that the LO 

phonon with frequency of ~120 cm-1 corresponds to an Eu phonon with 115.3 cm-1. 

The difference between experimental observation and calculation could be associated 

with the omission of e-ph coupling in calculations. Figure 5.7 shows the vibrational 

pattern of this phonon mode [20]. Its odd parity make itself Raman-inactive at the 1st 

order Raman scattering in both crossed and parallel channels (see the top inset of Fig. 

5.2), although its polar displacement field enables its robust coupling to 

electrons/holes and prompts the charge-transfer B exciton polaronic character. 
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Figure 5.6 Plot of central frequency ωN vs. the order N with Stokes side data from 40K 
(solid orange triangle) and anti-Stokes side from room temperature 290 K (triangle 
outline in blue). Dotted line represents a slope of ωLO = 120.6 ±  0.9 cm��

. 

 

Figure 5.7 Schematic atomic displacement of the LO phonon mode. 

 

5.4 Polaronic effect temperature dependence 

Figure 5.8 shows the 10 K and 70 K Raman spectra. Higher order bands are 

observed at lower temperatures (e.g., from N = 6 observed at 70 K to N = 8 at 10 K). 

In addition, at lower temperatures, we see that the spectral weight migrates to the 

higher-order bands (e.g., in Fig. 5.9 from N = 1 at 70 K for the strongest band to N = 3 

at 10 K). The distribution of spectral weight (AN vs. N) quantifies the strength of e-ph 

coupling, and the spectral shift across TC reveals interaction among polaronic effect 

and the magnetic order in 2-layer CrI3. We can use Poisson distribution function to 

describe the polaron spectra 

|4 = |0 K−}}44!         (5.3)  

where A0 is the peak intensity of the initial electronic band, AN is peak intensity for the 

Nth replica band, α is a constant related to the e-ph coupling in 3D (i.e., α3D), from 

which we are able to obtain α2D = α3D×3π/4 [39].  
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Figure 5.8 10 K and 70 K Raman spectra of long-range low intensity periodic pattern 
in 2-layer CrI3. The solid orange lines are fittings with Lorentzian profiles. 

 

 

Figure 5.9 10 K and 70 K histogram plot of the fitted Lorentzian mode intensity (AN) 
vs. order index (N). Curve lines are fitting of Poisson distribution function for the peak 
intensity profiles. 

 

 Then we fitted the low intensity periodic feature at every temperature we 

measured from 10 K to 70 K and extracted constant of e-ph coupling (α2D) at every 

temperature, as shown in Fig 5.10. The temperature dependence of α2D remains nearly 

constant for T > TC and increases by almost 50% at the 10 K (α2D =1.5), which is the 

highest among 2D polaron systems known so far, such as graphene/BN 

heterostructures (α2D =0.9) [40] and surfaces of bare SrTiO3 (α2D =1.1) [41]. 
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Figure 5.10 Plot of 2D e-ph coupling constant (α2D) vs. temperature. It is fitted with 

function }2�&�) = �|��{ − � + �; � � �{�; � > �{ 

 

5.5 Polaronic effect magnetic field dependence 

In Chapter 2 introduction, we know that few layer CrI3 transits from a layered 

AFM to FM at a critical field Bc = 0.7 T. To explore the polaronic effect through this 

magnetic phase transition, we then preformed magnetic field dependence using 

circularly polarized light to avoid Faraday effect. Figure 5.11 shows the spectra in LL 

and RR channel taken at 0 T and ± 1 T external magnetic fields, which represent 

below and above Bc. At 0 T, the spectra show the same intensity in both RR and LL 

channels, which is consistent with zero net magnetization for interlayer AFM. Above 

critical field, at ±1 T, the spectra in the RR and LL channels show opposite intensities 

at opposing magnetic field directions. This is because the sample shows non-zero net 

magnetization at magnetic fields of ±1 T, and the equivalence of RR and LL channels 

is broken. To understand the magnetic field dependence of the polaronic effect, we 

obtained Raman spectra in both RR and LL channels between -1.4 T and +1.4 T at a 

step of 0.1 T. Then we carefully fit the spectra measured on each magnetic field to 

retrieve A0 and α2D, as shown in Figs. 5.12 and 5.13. In Fig.5.12, we can see that 

according to a time-reversal operation, the RR channel turns into the LL channel, and 

its net magnetization appears at |��| >  ��. Figure 5.13 shows that interlayer 

magnetic order has no impact on the e-ph coupling strength. In contrast, the e-ph 

coupling is influenced by the in-plane long-range magnetic order, as revealed by the 
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temperature dependence of }#�(Fig. 5.10). This is consisted by the fact that 120.6   

cm-1 LO phonon involves in-plane atomic displacement.  

 

Figure 5.11 10 K 2-layer CrI3 Raman spectra in LL and RR channels taken in -1 T, 0 T 
and + 1 T. 

 

 

Figure 5.12 Plots of the Poisson fit amplitude A0 vs. external magnetic field. Orange 
circles are for RR channel and blue squares are for LL channel.  
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Figure 5.13 Plots of the electron–phonon coupling strength α2D vs. external magnetic 
field.  
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Chapter 6                                                                                        

Summary and Outlook 

We have performed polarization-resolved temperature dependent and magnetic 

field dependent Raman studies of bulk and thin layers of CrI3. In 3D bulk CrI3, we 

discovered a new mixed state of layered AFM and FM that coexist below the magnetic 

onset temperature. We constructed a temperature vs. magnetic field phase diagram for 

bulk CrI3. In few-layer CrI3, we established that the Raman modes at around 128 cm-1 

with anti-symmetric Raman tensors in N-layer CrI3 come from the Davydov-splitting 

of Ag phonon mode in monolayer CrI3 [33-36]. We introduced a distinctive layered-

magnetism-assisted phonon scattering mechanism to explain the magnetic field 

dependence of the Davydov-split phonon modes in N-layer CrI3. Our model 

successfully explains magneto-Raman effect in 2D CrI3 of arbitrary thickness. We 

observed periodic broad modes up to the 8th order in Raman spectra of few-layer CrI3 

which are attributed to the polaronic character of excitons. The temperature and 

magnetic field dependence of the periodic broad modes reveals the coupling among 

lattice, charge, and spin orders in 2D CrI3. Our studies demonstrate that Raman 

technique is a convenient probe of fundamental properties of 2D magnets. 

The Raman methods that we developed for studies of CrI3 can be extended to 

studies of other 2D magnets and the hetero-/homo-structures formed by stacking 2D 

magnet atomic layers vertically, for instance, twisted CrI3 atomic layers, CrI3/CrCl3 

heterostructures, and new 2D magnetic semiconductor CrSBr.  
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