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We apply the density-functional theory to study various phases (including non-magnetic (NM), anti-
ferromagnetic (AFM), and ferromagnetic (FM)) in monolayer magnetic chromium triiodide (Crls), a
recently fabricated 2D magnetic material. It is found that: (1) the introduction of magnetism in
monolayer Crlz gives rise to metal-to-semiconductor transition; (2) the electronic band topologies as
well as the nature of direct and indirect band gaps in either AFM or FM phases exhibit delicate
dependence on the magnetic ordering and spin—orbit coupling; and (3) the phonon modes involving Cr
atoms are particularly sensitive to the magnetic ordering, highlighting distinct spin—lattice and spin—phonon
coupling in this magnet. First-principles simulations of the Raman spectra demonstrate that both
frequencies and intensities of the Raman peaks strongly depend on the magnetic ordering. The polarization
dependent Ay modes at 77 cm™* and 130 cm™* along with the E; mode at about 50 cm ™ in the FM phase
may offer a useful fingerprint to characterize this material. Our results not only provide a detailed guiding
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map for experimental characterization of Crls, but also reveal how the evolution of magnetism can be
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1 Introduction

The discovery of intrinsic ferromagnetism in monolayers of
CrGeTe;" and Crl;> has sparked tremendous interest in magnetism
in the two-dimensional (2D) monolayer limit. Combining ferro-
magnetism in 2D materials is highly desirable not only for
studying the fundamental physics of magnetism in low dimensions,
but also for expanding the possibilities for new technological
applications such as nanoscale spintronics, which aims to exploit
the spin degree of freedom of electrons to carry information,’ as
an alternative to conventional charge based electronics. Linear
magnetoelectric effect has recently been demonstrated in
devices fabricated from bilayer Crl;."® Combining Crl; and
WSe, monolayers enabled unprecedented control over spin/
valley physics.” On the basis of first principle calculations,
Chern insulating state is predicted in Crl;/graphene® and
Crl,/Bi,Se,/Crl,° heteroestructures. The 2D magnets also render
an exciting platform for studying the interplay between light
and magnetic ordering."°

Raman spectroscopy has been widely employed to char-
acterizing materials and probing the electronic properties and
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tracked by its lattice dynamics and Raman response.

lattice dynamics of 2D materials."’ In principle, exchange

coupling between magnetic ions can affect Raman response,
and the coupling of phonons with multiferroic properties have
been extensively studied in hexagonal manganites,"”>** perovskite
oxides™ and iron chalcogenides.'®™® Recently, Wang et al.
detected spin-order induced Raman peak at Néel temperature
of FePS;."® Such behavior persists down to the monolayer limit,
indicating strong in-plane spin-phonon coupling.'® Moreover,
it has been shown that Raman spectroscopy can be used to
probe the magnetic phase transition temperature."®

In light of these facts, a better knowledge of spin-phonon
coupling will enhance our understanding and facilitate possible
applications of 2D magnetic materials. It is thus crucial to
investigate effects of different magnetic orderings on the electronic
and vibrational properties, but such a comprehensive investigation
lacks for Crl;, since the research of this interesting material is
still in the early stage. Here, we carried out a systematic
theoretical study on how spin affects the electronic structures,
lattice dynamics, and Raman response in monolayer Crl. Various
spin configurations, including nonmagnetic (NM), ferromagnetic
(FM) and anti-ferromagnetic (AFM) orderings, are considered.
Based on first-principles density functional theory (DFT)
calculations, we found that the introduction of magnetism in
monolayer Crl; gives rise to metal-to-semiconductor transition.
The electronic band topologies as well as the nature of direct
and indirect band gaps in either FM or AFM phases exhibit
delicate dependence on the magnetic ordering and spin-orbit
coupling (SOC).
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Furthermore, our calculations reveal significant spin-lattice
and spin-phonon coupling as different magnetic orderings
lead to different lattice constants. For the phonon modes
involving Cr atoms that host the magnetic moments of the
system, they are found sensitive to the magnetic ordering. First-
principles simulations of Raman spectra also show that both
frequencies and intensities of Raman modes correlate with the
magnetic ordering, demonstrating a strong dependence of both
lattice dynamics and Raman response on the magnetic ordering
in this 2D magnet. Our results not only provide a detailed
guiding map for experimental characterization of Crl;, but also
reveal how the evolution of magnetism (with temperature or
other factors) might be tracked by its lattice dynamics and
Raman response. The investigation of a magnetic 2D crystal
with different magnetic ordering is of great importance to the
field as growing attention has been paid to the magnetism in
two-dimensions.

2 Calculational methods

We performed DFT calculations using projected augmented
wave (PAW) method as implemented in the Vienna ab initio
Simulation Package (VASP)."*° To provide a gauge of how the
lattice dynamics in this magnetic system depends on the exchange
correlation (XC) functional, we have carried out calculations
using both local density approximation (LDA) in Perdew-Zunger
scheme”" and generalized-gradient approximation with Perdew-
Burke-Ernzerhof (PBE).>” It is found that overall the phonon
frequencies and Raman spectra calculated in LDA yield better
agreement with experimental data. Hence, we will focus on the
LDA data in the main text, leaving the PBE results in the ESI{ for
readers’ reference.

The spin-polarized calculations were carried out to reveal
the effects of magnetic ordering on the structural and electronic
properties of this material. Two different magnetic orderings
were considered: the ferromagnetic (FM) configuration had all
magnetic moments initialized in the same direction while in the
antiferromagnetic (AFM) configuration the magnetic moments
were set to be antiparallel between two Cr atoms in the unit
cell. For calculations including SOC, spin orientations were
initialized along the out-of-plane z direction. For comparison,
the non-spin-polarized nonmagnetic (NM) phase has also been
considered. The cut-off energy of the plane wave expansions
was set to be 500 eV. The Brillouin Zone (BZ) was sampled using
I'-centered 4 x 4 x 1 uniform k-grid. A test of denser 8 x 8 x 1
k-grid yields nearly unchanged results for both electronic
structures and lattice dynamics. The energy convergence value
between two consecutive steps was chosen as 10 ° eV. For
monolayer Crlj, a large vacuum of more than 20 A was applied
along the perpendicular z direction to avoid artificial inter-
actions between images. Both unit cell and atomic positions
have been fully relaxed, with the force converged to be below
2 x 1072 eV A~ For the lattice dynamics, we used Phonopy
package.”® The Raman calculations were carried out using the
methods developed in ref. 24. Since Crl; in the NM state is metallic,
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the dielectric tensor for Raman calculations was obtained at a
typical experimental laser frequency 1.96 eV (633 nm). Using the
finite dynamic dielectric tensor at the laser frequency is physically
correct in the Placzek approximation.>®™®

3 Results and discussions
3.1 Atomic structures

The bulk chromium triiodide Crl; is a layered van der Waals material
and can be mechanically exfoliated to produce 2D monolayers.” This
compound undergoes a structural phase transition from monoclinic
AlCl; structure (space group C2/m) to rhombohedral Bil; structure
(space group R3) upon cooling.”**° In both phases, the chromium
ions form a honeycomb network sandwiched by two atomic planes
of iodine atoms as shown in Fig. 1(a) and (b). The parallelogram in
Fig. 1(a) highlights the unit cell which contains two chromium and
six iodine atoms per layer. Moreover, Cr** ions are coordinated
by edge-sharing octahedra, as shown in Fig. 1(c).

Magnetism in this compound is associated with the partially
filled d orbitals, as Cr** ion has an electronic configuration of
3d In the octahedral environment, crystal field interaction
with the iodine ligands results in the quenching of orbital
moment (L = 0) and splitting of the chromium d orbitals into a
set of three lower energy t,, orbitals, and two higher energy e,
orbitals. Therefore, according to Hund’s rule, the three electrons
occupying the t,, triplet will have S = 3/2, which gives an atomic
magnetic moment of 3 ug. This picture is consistent with the
observed saturation magnetization of bulk Crl;.*!

According to experiments, Crl; is a ferromagnetic semi-
conductor with the Curie temperature 7. ~ 61-68 K.*>*°
Interestingly, Crl; is expected to retain its ferromagnetism
when mechanically exfoliated down to the single layer limit, and
the Curie temperature of the single layer is found to be T, ~ 45 K.
The magnetic moments lie along the ¢ lattice vector (perpendicular
to the basal plane) in both bulk and single layer Crl;.

QcCr

(o B

Fig. 1 Atomic structure of monolayer Crls. (a) Top view and (b) side view
of monolayer Crls; (c) bonding between chromium and iodine atoms. The
unit cell of Crls which includes two Cr and six | atoms has been indicated
in (a). The bond length [ between Cr and | atom, the bond angle 6, between
Cr and two | atoms in the same plane, and the axial angle 0, are also
shown in (c).
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Table 1 Total energy E; (in eV per cell), optimized lattice constant ag (in A),
bond length [ (in A), bond angle 0; and 0, and the energy band gap
Eg (in eV) for monolayer Crlz in NM, AFM and FM phases under LDA with
and without SOC, respectively. Experimental data for the bulk are listed for
comparison

NM AFM FM
LDA LDA LDA-SOC LDA LDA-SOC  Exp. bulk?®
E, —33.272 —35.372 —36.243 —35.386 —36.256
a, 6.645 6.667 6.669 6.686 6.689 6.867
I 2.602 2.653 2.656 2.655 2.658 2.725
0, 90.1° 89.9° 89.9° 86.7° 90.2°
0, 172.8° 175.4°  175.5° 175.6°  175.7°
Ey — 1.247 0.959 1.135 0.918 1.2

The calculated structural parameters for different magnetic
phases (NM, AFM, and FM) are shown in Table 1. The available
experimental results for the bulk structure are also listed for
comparison. As shown in Table 1, the total energy E, per unit
cell shows the relative stability of Crl; in different phases with
and without SOC. Clearly, the FM phase is energetically more
favorable than NM and AFM and is thus the ground state, in
agreement with experiment. Specifically, the total energy in FM
is 14 meV lower than that of the AFM phase. The inclusion of
SOC changes this difference by only 1 meV. As can be seen from
Table S1 in the ESI,{ PBE also confirms that FM is the ground
state with much larger energy difference (35 meV). Further
LDA+U and PBE+U calculations with U = 3 eV** also show
that the FM phase is the ground state for monolayer Crl; (see
Table S2 in the ESIt). In the following, we will compare the
results between NM, AFM and FM to understand how the
magnetic ordering affects the properties in monolayer Crl;.

The obtained lattice constants for each phase are also listed
in Table 1. Compare with the experimental lattice constant
(6.867 A) for the bulk, the lattice constant for the monolayer in
LDA is about 0.2 A (nearly 2-3%) smaller in all phases, which is
common in LDA calculations. We find that the lattice constant
in the FM phase increases very slightly (~ 0.003 A) after inclusion
of SOC. In contrast, the Cr-I bond length in the NM phase is
2.602 A, about 4.5% smaller than the experimental value. After
inclusion of magnetization, the value increases to about 2.66 A,
within 2.4% of the experimental data. This result demonstrates
the effect of spin on the atomic structure in Crl;. The bond angle
0, formed between I-Cr-I atoms is approximately 90° in both NM
and AFM phases (this angle decreases by more than 8° in the NM
phase as predicted in PBE, see ESIt), while about 3° smaller in
the FM phase. The so-called axial angle 6, is the angle formed
between the chromium ion and two opposing ligands within the
same octahedral. From Table 1, it turns out that this angle is
smaller than 180°.

3.2 Electronic structures

Previous DFT calculations based on PBE have been reported for
chromium trihalides.>***** However, investigations of the
electronic properties in different magnetic phases and particularly
the lattice dynamics in this material are still lacking. In the
following, we will mainly focus on the results obtained from LDA.
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Shown in Fig. 2(a)-(c) are the electronic band structures
for the NM, AFM and FM phases, respectively. Non-collinear
results for the AFM and FM phases including SOC are plotted in
Fig. 2(d) and (e), respectively. Clearly, the NM phase exhibits
zero band gap, in agreement with previous DFT calculations.>®
This is understandable: in the NM phase, the lowest t,, orbitals
are half-filled with 3d> electron configuration for the Cr** ions,
leading to metallic state. In contrast, the spin-polarized calculations
in either AFM or FM phases predict a finite band gap near the Fermi
level. This implies that a Mott-Hubbard mechanism plays a key role
in the formation of the band gap in this material.>***

There are a few important features revealed in Fig. 2. First,
the spin-up (solid) and spin-down (dashed) bands in the FM
phase split in Fig. 2(c) near the band edges, where spin-up bands
dominate, leading to a net magnetic moment (~ 3.0 up per Cr). In
contrast, the spin-up (solid) and spin-down (dashed) bands in the
AFM phase are almost overlapped as shown in Fig. 2(b), which is
understandable because of the zero net magnetic moment in the
AFM phase. This finding agrees well with a very recent theoretical
work by Larson et al.*® Secondly, comparing FM with AFM, we
find that the VBM shifts from K in AFM to the middle of the I'-K
line in FM, while the location of the CBM remains the same,
leading to an indirect-to-direct transition. Third, the band
topologies near the VBM and CBM are also distinct between
the AFM and FM phases. These results demonstrate that the
magnetic ordering has important implications on the electronic
band structures, especially at the band edges. More interestingly,
the inclusions of the SOC in the AFM and FM phases completely
change the corresponding band dispersions near the band edges,
as shown in Fig. 2(d) and (e), respectively. Specifically, the VBM
now shifts from K in Fig. 2(b) to I" in Fig. 2(d), while the CBM
changes to M. The degeneracy at I is also lifted due to SOC. In
contrast, in the FM phase, only the VBM shifts to the I' after
inclusion of SOC, resulting in a direct-to-indirect transition on
the band gap. Apparently, distinct from the transition metal
dichalcogenides,® the effects of SOC are crucial in determining
the electronic band structures in this magnetic material. These
results, however, are slightly different from the PBE data, as
shown in Fig. S1 (ESIT). Since the electronic band structures
play a crucial role in many device applications, our results call
for a further experimental (e.g., angle-resolved photoemission
spectroscopy) measurement of the band dispersions, which
may help to verify the band dispersions in this material.

In each case, the energy band gaps, ranging from 0.918 eV to
1.247 eV between the CBM and VBM, have been indicated in
Fig. 2. The data are also listed in Table 1. In contrast to the FM
ground state, the AFM phase exhibits similar semiconducting
nature with the band gap nearly 9.9% (4.5% with SOC) larger
than those of the FM phases. Interestingly, the inclusion of
SOC decreases the band gap dramatically: for the FM phase,
the band gap in FM-SOC is 0.918 eV, decreasing by 0.217 eV
from that of the FM phase, about 19.1%. In the AFM phase, the
band gap decreases by 23% from 1.247 eV to 0.959 eV after
including SOC. These results highlight the crucial role of
SOC in determining not only the band topologies, but also
the band gaps. The energy band gap (1.135 eV) in the FM
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Fig. 2 Calculated electronic band dispersions of monolayer Crls for the NM, AFM and FM phases, respectively, in LDA. (@) NM phase; (b) AFM phase
without SOC; (c) FM phase without SOC; (d) AFM phase with SOC; (e) FM phase with SOC. In (b) and (c), solid lines denote spin-up while dashed lines

denote spin-down bands. The energy band gaps between conduction band
using red arrows in each case. The Fermi level or the VBM has been shifted

phase is in close agreement with previous result (1.143 eV)
reported in ref. 32.

3.3 Lattice dynamics

Our calculations in LDA show that there is a significant
negative phonon branches in the NM phase, in contrast to
the PBE data as shown in Fig. S1 (ESIt). Hence, we will focus
only on the AFM and FM data as calculated in LDA. The phonon
band dispersions for the FM (dashed) and AFM (solid) phases
are shown in Fig. 3(a). A few important features emerge. First,
for both phases, there are no negative phonon branches,
indicating that both phases are mechanically stable (tiny negative
phonon frequencies are generally believed to be induced by
calculation precision and will not be of importance). Second, as
shown in Fig. 3(a), a clear phonon band gap of about 85 cm™*

This journal is © the Owner Societies 2018

minimum (CBM) and valence band maximum (VBM) have been indicated
to zero.

ranging from 135 ecm ™' to 220 cm ™" can be identified. Interest-
ingly, the gap formation on the phonon band dispersion after
including the magnetic ordering is more or less similar to the
electronic case as shown in Fig. 2 (it becomes more evident if we
consider the PBE data, see Fig. S2, ESI}). Clearly, the phonon
band gap here is also induced by the magnetic ordering. Finally,
we observe a visible shift of the optical phonon branches between
the AFM and FM phases. This feature suggests a strong spin-
phonon coupling in this magnetic material. In contrast, the acoustic
phonon branches are less sensitive to the magnetic ordering in
Fig. 3(a) since there is almost negligible difference on the acoustic
branch between those of the AFM and FM phases.

The above observations can be further understood from
the partial phonon density of states (PDOS) of the Cr and
I atoms for both the AFM and NM phases, as depicted in

Phys. Chem. Chem. Phys., 2018, 20, 23546-23555 | 23549
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Fig. 3 Calculated phonon band dispersions for monolayer Crls. (a) AFM
(solid) and FM (dashed). The corresponding partial phonon density of states
are shown for two Cr atoms (b) and six | atoms (c), respectively.

Fig. 3(b) and (c), respectively. The atomic mass of I atom is
126.904 u, while it is 51.996 u for the Cr atom. Due to the larger
mass of the I atoms, the PDOSs of the low-frequency modes
(<150 cm™ ") are mainly dominated by the I atoms, while the
high-frequency modes (> 200 cm™ ") mainly consist of vibrations of
Cr atoms, which are smaller in atomic mass. As can be seen clearly
from Fig. 3(b), it turns out that the spin-phonon coupling is more
evident in the high-frequency vibrational modes involving Cr
atoms than other modes. This is understandable since Cr atoms
carry most of the magnetic moments. The results explains why
evident deviations can be observed for the optical phonon
branches in the AFM and FM phases.

We now focus on the vibrational modes at I'. This is of
importance for understanding the Raman spectra in this material.
The monolayer Crl; in the NM phase possesses D3q point group
symmetry. The phonon modes at I' can be decomposed as
p,, = 2Aig + 2A55 + 4E, + 2A,, + 2A,, + 4E,. Excluding three
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Table 2 Frequencies of the phonon vibrational modes for monolayer Crls
at I' calculated under LDA with and without SOC for the AFM and FM phases.
The Raman active modes have been highlighted in bold. The unit is in cm™

AFM ™M
Mode no. LDA LDA-SOC LDA LDA-SOC Symmetry
1,2 49.6  48.9, 49.1 50.5 50.1, 50.2 Eg
3 58.4 581 56.0 56.8 Ay,
4 77.2  76.8 76.6  76.1 Asg
5,6 82.8 822,824 81.0  80.3, 80.5 E,
7 90.2  90.0 88.9  88.0 Asg
8,9 93.0 91.7,91.9 102.6  101.8,101.9 E,
10, 11 110.0  109.0,109.1 108.5 107.5,107.6 E;
12,13 117.7  116.6, 116.7 115.3 114.3,114.3 E,
14 127.0 125.7 130.5 129.0 Asg
15 135.5 1343 134.5 1333 Ay
16 220.2 2184 217.6  215.5 Asg
17,18 234.3  230.8,231.2  228.5 225.3,225.7 E,
19, 20 235.0 232.3,232.5 244.7 241.1,2413 Eg
21 259.0 2569 264.7  262.3 Ay

acoustic modes (doubly degenerate E, + 1A,,), there are
21 modes in total. Since the ground state is FM, we will focus
on the modes in this phase. Table 2 lists all the 21 phonon
vibrational modes in the AFM and FM phases calculated using
LDA, along with their group irreducible representations.

Several conclusions can be reached from Table 2. First, the
frequencies of the modes 1 and 2 (Ey), 3 (A,,) and 4 (A4,), 5 and
6 (Eu), 7 (Azg), 12 and 13 (E,), 15 (A,,) are only changed slightly
between AFM and FM phases, while all other modes exhibit
distinct deviations between the two magnetic phases. For example,
the highest A;, mode in the AFM is 259.0 cm ™', nearly 5.7 cm™"
lower than that of the FM phase. The E; mode at 93.0 em 'in
AFM is about 10 cm™ ' smaller than that of FM phase. Second,
comparing the data between AFM and FM phases, we find that
the deviations are more common for the high-frequency modes
than the low-frequency modes. For instance, mode 1 is at
49.6 cm™ ! in AFM, comparable to 50.5 cm ' in the FM, while
mode 16 (A,; mode) is 220.2 cm™' in AFM, nearly 2.6 cm ™'
larger than 217.6 cm™ " in the FM phase. In particular, the high-
frequency E; mode at 244.7 cm™ ' in FM is extremely sensitive to
the spin and decreases by 10 cm™" in the AFM phase. Finally,
the degenerate modes as calculated in LDA split into slightly
different branches after inclusion of SOC. Nevertheless, the
splittings on the mode frequencies are very small, within 0.5 cm™*
in most cases. Thus, effects of SOC on the mode frequencies can be
safely neglected in LDA.

It should be mentioned that the phonon frequencies at I" are
highly sensitive to the XC functionals employed, especially the
high-frequency modes involving magnetic element Cr. Comparing
to the PBE data in Table S3 in the ESL 7 significant deviations can
be identified for the high-frequency modes. For example, for the
mode 19, the LDA yields a frequency of 244.7 cm ™' in the FM
phase, nearly 23.7 cm ™" higher than that of PBE in the FM phase.
In contrast, for the low-energy mode 4, the difference is only
9.5 cm ™. Similar but less evident deviations can be identified
for the AFM phase as well.

The eigenvectors of these 21 modes have been schematically
shown in Fig. 4. For the degenerate cases, we only show one pattern.
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Fig. 4 Schematic representations of the eigenvectors for all 14 distinct phonon vibrational modes at g = I' in the FM phase calculated using LDA. The
group representations for each mode in the FM phase are also listed for reference.

o 0.0

There are some interesting characteristics to be mentioned. The which each layer vibrates as a whole is more or less similar to the

Ay, mode at 264.7 ecm ™" shown in Fig. 4(n) consists of out-of- layer breathing modes in van der Waals 2D materials but with

plane vibrations between Cr and two I layers. This pattern in much higher frequency. The E; mode at 244.7 cm ™" in Fig. 4(m)
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mainly involves in-plane out-of-phase vibrations of two Cr atoms.
Similarly, the E, mode at 228.5 cm™ " in Fig. 4(1) involves in-plane
vibrations of two Cr atoms; however the vibrations are in-phase
and they move relative to the I atoms. The A,, mode at 217.6 cm ™!
in Fig. 4(k) is similar to the highest-frequency mode in Fig. 4(n) as
it also consists of out-of-plane vibrations, except that in this case
the Cr atoms move out-of-phase within the unit cell. This mode is
Raman inactive. Clearly from Fig. 4(k)-(n), these high-frequency
vibrations mainly involve motions of Cr atoms since the atomic
mass of Cr is much smaller than I. Also the vibrational amplitudes
of Cr are much larger than those of the I atoms.

Below 200 cm ™, the modes mainly arise from the I atomic
vibrations, except the A,, mode at 88.9 cm™" in Fig. 4(e), which
is similar to the mode shown in Fig. 4(k). However, in this case
the I ions vibrate in-plane (120° out-of-phase) so that the bond
length is kept nearly constant. The mode of A,, at 134.5 cm™*
shows interesting patterns for the six I atoms, expanding and
shrinking in-plane around the Cr atom, as shown in Fig. 4(j).
The A,y mode at 130.5 cm ™! in Fig. 4(i), which is Raman active,
consists of the out-of-phase and out-of-plane vibrations of two I
layers. The modes shown in Fig. 4(f), (d) and (a) are similar in
the sense that in these modes the armchair chain of I atoms
forms a vibrating strip.

The E, mode portrayed in Fig. 4(f) resembles a shearing
motion of the iodine planes. However, small out-of-plane
displacements can also be found (not shown in the picture).
The A, mode at 76.6 cm™ ' shown in Fig. 4(c) and the E, mode
at 108.5 cm™ ' shown in Fig. 4(g) also display the dominance of
the vibrations of the paired I atoms out of phase. These modes
are Raman active. Finally, the A,, mode shown in Fig. 4(b)
involves a small rotation of the I atoms around the central
Cr atom.

Among all the 21 modes, the E4 A;; and A,; modes are
Raman active from symmetry point of view. However, the
Raman intensities of the A,, mode are negligible.

3.4 Raman spectra

Raman spectroscopy is a powerful tool to probe various physical
properties in materials. In particular, polarized Raman spectro-
scopy has been applied to investigate 2D materials, including
crystalline orientations in ReS, and strained graphene,®”*°
anisotropy of black phosphorus,’® and dichroism of helical
change in the light in MoS,.*" In these materials, the Raman
intensities of specific modes are sensitive to the crystalline
anisotropy, which can be probed through a certain laser polarization
setup, Le., the relationship between polarizations of the incident
and scattered laser lights. Since the magnetic ordering dramatically
changes the phonon vibrational modes as discussed above, we
expect that (polarized) Raman spectra may also be employed to
probe the magnetic properties in Crl;.

To investigate how the magnetic ordering affects the Raman
response, we have simulated the Raman spectra for monolayer
Crl; in NM, AFM, and FM phases. Since LDA yields significant
phonon branches with negative phonon frequencies, we will
focus on the AFM and FM phases here (the PBE data for all NM,
AFM and FM phases can be found in the ESIf). We consider
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two typical polarizations, namely, parallel and cross, in the
back-scattering laser set-ups that are common in experiment.
Fig. 5(a) and (b) show the results with parallel polarization for
the AFM and FM phases, respectively, while Fig. 5(c) and (d)
correspond to those of cross polarization.

As shown in Fig. 5(a) and (b), switching on the spin
polarization leads to distinct Raman spectra in these magnetic
phases. Not only the peak positions, but also the peak intensities
change dramatically. In the AFM phase, these peaks are four E,
modes at 49.6, 93.0, 110.0, and 235.0 cm™ ', and two A;; modes at
77.2 and 127.0 cm™’, respectively. In the FM phase, the six
Raman peaks, which should be readily observable in experiment,
are four E; modes at 50.5, 102.6, 108.5 and 244.7 em ™, and two
A;; modes at 76.6 and 130.5 cm ', respectively. The vibrational
patterns of these modes have been illustrated in Fig. 4(a), (£), (g),
(m), (c), and (i). Note that the peak positions in the FM phase also
shift significantly relative to those of the AFM phase. Especially,
the two E, peaks at 93.0 and 110.0 cm™ " in the AFM phase evolve to
two peaks with much smaller spacing (~6 cm™ ") in the FM phase.

Finally, in contrast with the PBE data in which the Raman
peak above 200 cm ™' is small (see Fig. S3, ESIY), the E, peak at
about 240 cm™" is clearly present in LDA, in good agreement
with experimental observation.*

Fig. 5(c) and (d) illustrate the Raman spectra with cross
polarization for the AFM and FM phases, respectively. Specifically,
the two A;, Raman peaks at 77.2 and 127.0 cm™' in Fig. 5(c)
disappear in Fig. 5(d). Similar features can be found for the FM
phase as well. Since the two phases exhibit similar polarization
dependence, we conclude that the polarization Raman spectra are
only determined by the mode symmetry. The magnetic ordering
affects the peak positions and intensities, but will not change the
polarization dependence.

The dramatic distinctions between the FM and AFM phases
demonstrate the coupling between magnetic ordering and the
lattice dynamics as well as their effects on the Raman response.
These findings may serve as a detailed guiding map for
experimental characterization of Crl;. Furthermore, the evolution
of the Raman spectra with respect to the different magnetic
ordering demonstrates that the magnetic ordering with respect to
temperature and/or other factors might be possibly tracked by the
lattice dynamics in Crl;, particularly through the Raman response.

The behavior of the E, and A;; modes can be understood from
their Raman tensor. The Raman intensity of the j-th phonon
mode reads as:>**?

. L=, T2

1(j) o< |&; - () - &| (1)
where g; and g; are the polarization unit vectors of the incoming
and scattered lights, respectively. The Raman susceptibility ()
is a symmetric (3 x 3) tensor associated with the j-th phonon mode.

Our DFT calculations show that the Raman tensor of the A,
mode takes the following form:

a 0 0
E(A|g) = 0 a O y (2)
0 0 b
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Fig. 5 Polarized Raman spectra for monolayer Crlz in AFM and FM phases, respectively. Shown on the left are for the parallel polarization laser set-up.
On the right are the results with cross laser polarization set-ups. The corresponding mode symmetries for each peak have been indicated. A Gaussian

broadening with width of 2.0 cm™! has been applied.

while the Raman tensor of the E, mode is:

d ¢ 0
2E)=|c v 0] 3)
0 0 O

These numerical results are in agreement with the analysis
from group theory.*> For the parallel polarization, g; = [100] and
gs = [100], the intensity of the E, and A;, modes can be
expressed as:

I(Ey) o a?, (@)
and
I(Asg) o< @ (5)

These elements of a and a’ are usually not zero. Hence the
corresponding Raman peaks for these modes are visible. In
contrast, for the cross polarization, g; = [100] and g = [010], the
expression for the intensities of the E, and A;; mode in the
cross polarization follows:

I(Ey) oc &, (6)
while

I(Alg) =0. (7)
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In other words, as long as ¢ element of the Raman tensor of the
E, mode is nonzero, there will be visible Raman peaks corres-
ponding to these E, modes in the cross polarization. In contrast,
the intensity for the A;; modes will become zero. This explains
what we have seen in Fig. 5.

4 Conclusions

In summary, we have studied the effects of magnetic ordering
on the atomic and electronic structures, lattice dynamics and
Raman response in monolayer Crl; using density-functional
theory. Three different phases including non-magnetic, anti-
ferromagnetic, and ferromagnetic have been investigated.

While non-magnetic phase exhibits nearly zero band gap,
the spin-polarized calculations in either AFM or FM phases
predict a semiconducting nature of the monolayer Crl;, with
the band gap in the range of 0.9 to 1.3 eV. In the FM and AFM
phases, the band topologies near the CBM and VBM as well as
the direct and indirect nature of these band gaps exhibit a
delicate dependence on the magnetic ordering and spin-orbit
coupling, as predicted in both LDA and PBE calculations. These
results demonstrate the crucial role of the magnetic ordering
and spin-orbit coupling in determining the electronic structures
of this magnetic system.

Furthermore, the lattice dynamics, especially the high-frequency
phonon modes involving Cr atoms, are found sensitive to the
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magnetic ordering, in contrast to the acoustic branches that are
nearly unchanged with respect to the magnetic ordering. These
results highlight the spin-lattice and spin-phonon couplings in
this magnetic material.

Our calculated Raman spectra show that some Raman modes
are sensitive to the magnetic ordering. Specifically, the two Eg
modes at around 102 and 108 cm ™" and the high-frequency E,
mode at 244.7 cm ™" in the FM phase might be useful to track the
magnetic phase transition, for example, with respect to the
temperature or external electric field. The distinct behavior of
the two A, modes at 77 and 130 cm ' together with the E,
mode at 50 cm~ " may offer a fingerprint to characterize this 2D
material.

Finally, it should be pointed out that the physical properties
of monolayer Crl;, including electronic band dispersions, lattice
dynamics and Raman spectra, are strongly dependent on the
XC functionals. Further experimental studies such as ARPES
measurements will help to elucidate the band structures in this
magnetic material.
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