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First-principles study of the magneto-
Raman effect in van der Waals layered
magnets

Check for updates
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Magneto-Ramanspectroscopyhasbeenused to studyspin-phononcoupling in two-dimensional (2D)
magnets. Raman spectra of CrI3 show a strong dependence on the magnetic order within a layer and
between the layers. Here we carry out the first systematic theoretical investigation of the magneto-
Raman effect in 2D magnets by performing density functional theory calculations and developing a
generalized polarizability model. Our first-principles simulations well reproduce experimental Raman
spectra of CrI3 with different magnetic states. Themodel reveals how the change of spin orientation in
each layer is coupled to the layer’s vibration to induce or eliminate the spin-dependent anti-symmetric
off-diagonal terms in the Raman tensor for altering the selection rules. We also uncover that the
correlation between phonon modes and magnetic orders is a universal phenomenon, which should
exist in other phonon modes and 2Dmagnets. Our predictive simulations and modeling are expected
to guide the research in 2D magnets.

Magnetism in two-dimensional (2D) van der Waals (vdW) layered mate-
rials has attracted much attention due to the fascinating physics and
potential applications1–4. CrI3 is among thefirst 2Dmagnets to bediscovered
that exhibit spontaneous out-of-plane ferromagnetism in the monolayer
limit1. A characteristic feature of 2Dmaterials is that the intralayer bonding
is strong while the interlayer coupling is weak and typically dominated by
vdW interactions. Such a contrast gives rise to an interesting phenomenon
that the intralayer magnetic order cannot be easily altered, but the spin
orientations between the layers can be relatively easilymanipulated between
ferromagnetic (FM) and antiferromagnetic (AFM) orders by various
methods such as interlayer stacking sliding/rotation5,6 and applying an
electric/magneticfield7–9. Themanipulationof interlayermagnetism invdW
layeredmagnets results in rich physical properties, including novel layered-
dependent magneto-optical effects1,2, electric-field induced Kerr rotation7,8,
and giant second-order harmonic generation10.

The long-range FM order can break the time-reversal symmetry,
resulting in magneto-optical Kerr and Faraday effects. The Kerr effect was
the one used for detecting the spontaneous magnetization of monolayer
CrI3 and few-layer Cr2Ge2Te6 in experiments by magneto-optical Kerr
effectmicroscopy1,2. TheKerr andFaraday rotation angles are closely related
to the spin-dependent off-diagonal terms in the polarizability tensor (or
dielectric tensor) relative to the spin-independent diagonal terms1,11,12. Such
a spin-dependent polarizability tensor can be obtained via first-principles
density functional theory (DFT) calculations by considering the spin-orbit

coupling (SOC) effect in the magnetic materials as demonstrated in several
prior theoretical works13–15. However, when the total magnetization of the
system (e.g., bilayer CrI3) is zero due to the interlayer AFM order, Kerr and
Faraday rotations vanish since the off-diagonal terms in the polarizability
tensorbecomezero1.This calls for another technique toprobe theAFMstate
more effectively.

Themagneto-Raman effect has been recently demonstrated to provide
such a technique for studying both the FM and AFM orders in 2D
magnets16–19. Raman intensity of a phonon mode is determined by its
Raman tensor, which corresponds to the derivative of the polarizability
tensor with respect to the phonon mode’s vibration20–22. Since the polariz-
ability tensor has spin-dependent anti-symmetric off-diagonal terms1,11,12,
the Raman tensor has spin-dependent off-diagonal terms aswell9,23–26.More
importantly, a system only has one polarizability tensor, but can possess
many Raman tensors depending on the number of phonon modes in the
system. Therefore, unlike the polarizability tensor, the spin-dependent off-
diagonal terms in Raman tensors do not simply vanish when the total
magnetization is zero, as Raman tensors of some phonon modes retain the
anti-symmetric off-diagonal terms in the AFM state. This allows magneto-
Raman spectroscopy toprobeboth theFMandAFMorders in 2Dmaterials,
as recently demonstrated by several experimental works on CrI3 and
VI3

9,23–26. Furthermore, the magneto-Raman effect naturally captures the
intricate spin-phonon coupling27. Finally, compared to scanning magneto-
optical Kerr effect microscopy and spin-polarized scanning tunneling
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microscopy, magneto-Raman spectroscopy is fast, nondestructive, and
relatively cheap.Considering the significance ofmagneto-Raman scattering,
it is imperative to develop first-principles simulation capability (i.e., digital
twin of magneto-Raman spectroscopy) and a corresponding analytical
model that can reveal the underlying mechanism. Although first-principles
calculations of magneto-Raman scattering were attempted for monolayer
and bulk CrI3

28,29, it has not yet been demonstrated for bilayer and few-layer
CrI3 (the focus ofmost experimental works), let alone other 2Dmagnets. In
addition, to the best of our knowledge, no generalized model derived from
the theory of Raman scattering has been developed.

In this work, we have carried out systematic investigations of the
magneto-Raman effect in CrI3 from single-layer (1L) to four-layer (4L) by
performing first-principles simulations and developing a generalized
polarizability model that can be broadly applied to 2D magnets of any
thickness. The calculated polarizedRaman spectra of 1LCrI3with intralayer
FM order and 2L-4L CrI3 with both interlayer FM and AFM orders agree
well with existing experimental data9,23–25, capturing how Raman selection
rules are changed due to themagnetic order, including Raman activation of
odd-parity phonon modes. The model successfully reveals how the change
of spin orientation in each layer is coupled to the layer’s vibration pattern to
induce or eliminate the anti-symmetric off-diagonal terms in the Raman
tensor and subsequently to alter the Raman intensity of a phononmode. In
addition, our simulations and modeling demonstrate that a similar
magneto-Raman effect should be present in MnBi2Te4, a novel 2D topo-
logical magnetic material30–32, but it has not yet been experimentally
observed. The quantitative analysis provided by DFT calculations sheds
light on the underlying reason and reveals how to observe it experimentally.
Furthermore, we show that the magneto-Raman effect exists in CrCl3 as
well, but the change of themagnetic order from the out-of-plane to in-plane
direction alters the location of the anti-symmetric off-diagonal terms in the
Raman tensor and thus theRamanoptical selection rules. Finally, to the best
of our knowledge, our work uncovers the spin dependence of Emodes for
the first time in 2D magnets and predicts how they can be studied experi-
mentally.We demonstrate that the correlation between phononmodes and
magnetic orders ismuchmorebroadlypresent than the soleA2modeofCrI3
studied in experiments.

Results
Theory of resonant and magneto-Raman scattering
Raman intensity of a phonon mode j can be expressed as
I / njþ1

ωj
jes Á R Á eTi j2, where es and ei are the electric polarization vectors of

the scattered and incident light, respectively, and R is the Raman tensor
associatedwith the phononmode.ωj is the frequency of the phononmode j,
and nj ¼ ðe_ωj=kBT À 1ÞÀ1

is the Boltzmann distribution function at the
given temperature T. According to the Placzek approximation20–22,33,34, the
matrix element of the 3 × 3 Raman tensor of the phononmode j is given by

RαβðjÞ ¼ V
XN

μ¼1

X3

l¼1

∂χαβ
∂rlðμÞ

ejlðμÞffiffiffiffiffiffiffi
Mμ

p ð1Þ

inwhichV is the volume of the primitive cell, χαβ is the electric polarizability
tensor, rl(μ) is the position along the l direction of the μ-th atom (l = x, y, or
z),

∂χαβ
∂rlðμÞ is the derivative of the polarizability tensor over the atomic dis-

placement along the l direction, ejlðμÞ is the atomic displacement along the l
direction of the μ-th atom for the jth phonon mode (i.e., the eigenvector of
the dynamic matrix), and Mμ is the atomic mass. Basically, one needs to
calculate the derivatives of the polarizability tensor with respect to the
atomic displacements for obtaining the Raman tensor. For non-resonant
Raman scattering, we often ignore the dependence of the polarizability
tensor on the incident photon energy and only calculate the static
polarizability (or dielectric) constant at the zero photon energy20,21.
However, to capture the photon energy dependence of Raman intensity
in resonant Raman scattering, one needs to compute the frequency-
dependent polarizability tensor at different atomic displacements and thus

obtain the Raman tensor at the laser excitation energy EL using the finite
difference method22,33,34. Here, we computed complex χαβ(EL) for each
atomic displacement using the independent particle approximation, where
the imaginary part is determined by a summation over all valence/
conduction bands at every k-point in the Brillouin zone that satisfies the
energy conservation, and the real part is obtained by the usual Kramers-
Kronig transformation35. Finally, the derivatives of the polarizability tensor,
combined with the phonon frequencies and phonon eigenvectors, yield the
Raman tensor matrix and, subsequently, the Raman intensity for every
phonon mode under a given laser polarization set-up. In the common
experimental back-scattering geometry (light z in and zout), the polarization
vectors of the scattered and incident light are in-plane (i.e.,x−y). TheRaman
intensity can be simplified when the polarizations are along the crystalline
axes (denoted as XX, XY, YY, YZ, etc.): I(XX)∝ ∣R11∣2 when es = ei = (1, 0, 0);
I(XY) ∝ ∣R12∣2 when es = (1, 0, 0), ei = (0, 1, 0); I(YY) ∝ ∣R22∣2 when
es = ei = (0, 1, 0); I(YZ) ∝ ∣R23∣2 when es = (0, 1, 0), ei = (0, 0, 1).

The general form of the Raman tensor is given by

R ¼
R11 R12 R13

R21 R22 R23

R31 R32 R33

0
B@

1
CA; ð2Þ

where the values of Raman tensor elements are complex and depend on the
laser excitation energy36,37, which can be numerically computed by the first-
principles DFT method outlined above. If the time-reversal symmetry is
preserved in the system, the Raman tensor is symmetric, i.e., Rij = Rji.
However, for electronic and vibrational Raman scattering of a magnetic
material, the Raman tensor can be much more complicated since the
magnetic order canbreak the time-reversal symmetryof the system9,23–26,28,29.
It can be composed of a symmetric (S) spin-independent part (RS) where
RS
ij ¼ RS

ji and an anti-symmetric (AS) spin-dependent part (RAS)
where RAS

ij ¼ ÀRAS
ji . In other words, R =RS+RAS, where

RS ¼
RS
11 RS

12 RS
13

RS
12 RS

22 RS
23

RS
13 RS

23 RS
33

0

B@

1

CA;

RAS ¼
0 RAS

12 RAS
13

ÀRAS
12 0 RAS

23

ÀRAS
13 ÀRAS

23 0

0

B@

1

CA:

With R directly calculated from DFT, the elements in RS and RAS can be
subsequently obtained sinceRS

ij ¼ ðRij þ RjiÞ=2 andRAS
ij ¼ ðRij À RjiÞ=2. It

is important to note that the SOC effect with the noncollinear magnetic
order has to be turned on during the calculations of the polarizability tensor
corresponding to each atomic displacement, in order to fully capture the
effects of magnetism on the polarizability tensor, the Raman tensor, and
subsequently the Raman intensity28,29. In other words, the anti-symmetric
spin-dependent terms in RAS require the inclusion of the SOC effect.

Magneto-Raman effect in CrI3
Monolayer CrI3 has a space group of P3 (No. 143), and its unit cell has eight
atoms and, thus, 24 normal phonon modes at the Γ point. They are
decomposed as ΓP3 = 8A+ 16E, where the non-degenerate A symmetry
modes and two-fold degenerate E symmetry modes are Raman active. As
theAmodes exhibit strongRaman signals in experiments9,23–25, wewill focus
on the analysis of thesemodes. In particular, theAmode around 127.4 cm−1

appears as the strongest Raman peak in experiments, which corresponds to
the phononmode at 124.7 cm−1 in our calculations, as shown in Fig. 1. If we
do not consider the magnetic order, the point group of P3 is C3 and the
Raman tensor of an A mode assumes the form on the left side of Eq. (3),
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where the off-diagonal elements are absent.

RnoÀSOC ¼
a

a

b

0
B@

1
CA;RSOC ¼

a c

Àc a

b

0
B@

1
CA: ð3Þ

Asmentioned above, the inclusion of themagnetic order (either collinear or
noncollinear) butwithout considering the SOCeffect doesnot yield the spin-
dependent off-diagonal terms in the Raman tensor. Only after considering
the SOC effect28,29, the Raman tensor develops into a spin-dependent anti-
symmetric form, as shown on the right side of Eq. (3). The corresponding
calculated values of the Raman tensors are listed in Supplementary Table 1.
According to ref. 9, the spin-independent part RS is invariant under time-
reversal symmetry and independent of the magnetic structure, while the
spin-dependent part RAS is odd under time-reversal symmetry. This
indicates that the reversal of the magnetization direction should change the
sign of the anti-symmetric off-diagonal terms in the Raman tensor (i.e., c
changed to− cwhile− c changed to c in Eq. (3)), which is confirmed by our
calculations in Supplementary Table 1. In a first-order approximation, one
can say that the anti-symmetric off-diagonal terms are proportional to the
magnetization of the system or the applied magnetic field24,26. This can also
explain why the sign is changed upon the reversal of the magnetization
directionof themagneticfield24,26. The anti-symmetricRaman tensors in FM
monolayer CrI3 are important for the analysis of Raman tensors and Raman
intensities in the few-layer CrI3 below.

Figure 1a shows the calculated Raman spectra of monolayer CrI3 in
both parallel (XX) and cross (XY) polarization channels. According to prior
experimental results and hybrid DFT (HSE06) calculations, monolayer
CrI3’s band gap is around 1.52 eV, while bulk CrI3 has a band gap of about
1.24 eV38–40. Our conventional DFT calculations, with the SOC effect
included, found the band gap as 0.79 eV for 1L and 0.71 eV for bulk CrI3.
Since DFT underestimates the band gap, the theoretical laser excitation
energy is lower than the experimental one, and thus a scaling factor is
required to make calculated Raman results more comparable with experi-
ments. Bymatching calculated Raman spectra of 1L CrI3 with experimental
data producedby a laser line of 1.96 eV9, we determined the scaling factor as
1.63 and thus the DFT laser excitation energy as 1.20 eV. Although hybrid
functionalmethods such asHSE06 yield better descriptions of the electronic

properties of CrI3, it is computationally prohibitive to use HSE06 for
magneto-Raman simulations with noncollinear magnetism and SOC con-
sidered. Conventional DFT calculations with a scaling factor provide a
balanced approach for satisfactory simulations of magneto-Raman spectra,
as will be discussed below. In Fig. 1a, besides the strong peak (A2) at
124.7 cm−1, there is another mode A1 at 73.9 cm−1 24 with much weaker
intensity (see Supplementary Table 2 for the Raman tensor). Most experi-
mentalworks focusedonA2modedue to its stronger signal, butwe foundout
that their intensities can be comparable at certain laser energies. Figure 1b
shows the Raman intensities of both modes as a function of the photon
energy, called Raman excitation profiles (REPs). At the lower energy win-
dow, A2 shows a stronger Raman resonance effect than A1. The Raman
intensity of A2 reaches a peak near 2 eV, which is an order of magnitude
stronger than that ofA1. With the energy further increasing, the intensity of
A2 begins to decrease, but it is still favorable for experiments to observe (such
as the commonly used 1.96 and 2.33 eV laser lines). Starting around 2.5 eV,
however, the signal of A2 decreases, while the intensity of A1 begins to sub-
stantially increase and grows even to be larger than that of A2 starting from
2.7 eV. At excitation energy at 3 eV, for example, A1 shows stronger signals
than A2. This is confirmed by the calculated Raman spectra shown in Sup-
plementary Fig. 1. The calculated REPs in Fig. 1b reveal two key findings:
first, A1 can be effectively observed by using a laser line with energy higher
than 2.7 eV, but the two most commonly used laser energies are 1.96 and
2.33 eV that oftenmiss thismode; second, the exciton-phonon couplings for
A1 andA2 haveboth similarities anddifferences that arise fromtheir vibration
patterns as illustrated in the insets in Fig. 1a. A2 has atomic vibrations pre-
dominantly out-of-plane, while A1 has both out-of-plane and in-plane
vibration components. When an exciton has the wavefunction pointed out-
of-plane, it should couplemore strongly withA2, such as at energies between
1.9 and 2.5 eV in Fig. 1b; when an exciton has the wavefunction spreading
along both out-of-plane and in-plane directions, it could couplewith bothA2

and A1 so that they share a similar resonance window, e.g., between 3 and
3.5 eV. Such vibration-dependent exciton-phonon coupling behaviors have
been previously reported for MoS2

41 and black phosphorus42,43.
Because bothA1 andA2 have out-of-plane components in the vibration

patterns, they exhibit strong spin-dependent Raman scattering as their out-
of-plane vibration components are coupled with the out-of-plane magnetic
order in CrI3. As shown in Eq. (3), above the Curie temperature where the
magnetic order disappears, off-diagonal terms R12 = R21 = 0, and thus A
symmetryRamanpeaksdisappear in the cross (XY)polarization since I(XY)
∝ ∣R12∣29. However, below the Curie temperature where the monolayer has
an FM order, off-diagonal terms are no longer zero (R12 =−R21 = c), and
hence A1 and A2 are still present in the XY polarization, although the
intensity is weaker than that from the parallel (XX) polarization since ∣R12∣2
< ∣R11∣2 (Fig. 1a). The appearance of aA symmetryRamanpeak in the cross-
polarization is an important sign that the Raman mode is spin-dependent.
Note that A1 mode is very weak in the XY polarization when the excitation
energy is 1.96 or 2.33 eV, since it is alreadyweak in theXXpolarization. This
explains why A1 in the XY polarization cannot be differentiated from the
background noise and ignored for themagneto-Raman study9. However, as
discussed above, with a higher excitation energy above 2.7 eV, A1 is sig-
nificantly enhanced in both XX and XY polarizations and it shows strong
spin dependence just like A2 (see Supplementary Fig. 1).

As for doubly degenerated E modes, the Raman intensity is basically
the same for cross and parallel polarization setups (Fig. 1a), a common
behavior for 2Dmaterials in hexagonal lattices21. Thismay lead to a partially
incorrect conclusion that E modes are not correlated with the magnetic
order. In fact, we discover that their Raman tensors also have spin-
dependent anti-symmetric off-diagonal terms,which correspond toR13 and
R23 instead ofR12. In particular, for the characteristicEmodes at 105.2 cm−1,
one of the Emodes (E1) has large RAS

13 while the other (E2) has large RAS
23 (see

Supplementary Tables 3 and 4, respectively). In the typical back-scattering
geometry, R13 and R23 are not probed by Raman scattering, and thus, their
spin-dependent behaviors are completely missed. To study the magneto-
Raman scattering of Emodes, therefore, it is important to change the travel

Fig. 1 | Raman spectra of monolayer CrI3. a Calculated Raman spectra of mono-
layer CrI3 under both parallel (XX) and cross (XY) polarizations. The vibration
patterns of the twoAmodes are shown as insets. The red arrows indicate the out-of-
plane FMorder.bCalculated resonant Raman intensity versus the photon energy for
A1 (green) andA2 (orange)modes. The intensity ratio betweenA2 andA1 is shown on
the right (blue). Note that the photon energy has been scaled by a factor of 1.63.
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direction of laser light to the xor ydirection so the polarizations of light have
z components for effectively capturing the spin-dependent R13 and R23 of E
modes. To the best of our knowledge, our calculations uncover the spin
dependenceofEmodes for thefirst time inCrI3 andpredict how they canbe
studied experimentally. These results demonstrate that the correlation
between phononmodes andmagnetic orders ismuchmore broadly present
than the sole A2 mode studied in experiments.

Bilayer CrI3 has Davydov splitting of each phonon mode from the
monolayer due to the vdW interactions between the layers. For instance,
modeA in the monolayer is split into twomodes: even-parity modeAg and
odd-parity mode Bu. A simple linear chain model can explain the Davydov
splitting23. As shown in the insets in Fig. 2, Ag mode vibrates in phase
between layers whileBumode vibrates out of phase between layers.Without
a magnetic order, the crystallographic space group of the bilayer belongs to
C2/m (No. 12), and the point group is C2h(2/m). Ag is Raman active with a
symmetric form of Raman tensor. However, with the inclusion of the
magnetic order and SOC, it becomes much more complicated with anti-
symmetric off-diagonal terms. In addition, theRaman inactivemodeBu also
becomes active under the interlayer AFM order and shows up under the
cross-polarization setup, as shown in Fig. 2. Note that the irreducible
representations of phonon modes, such as Ag and Bu, originate from
the crystallographic space group and strictly speaking should change with
themagnetic order to reflect the change in the Raman tensors. However, for
simplicity and consistency, we keep using the same symmetry notations for
phonon modes regardless of the magnetism. Our first-principles simulated
Raman spectra are well consistent with prior experimental results9,23–25.
More importantly, our numerical simulations provide an atomic scale
picture of the spin-phonon coupling and reveal how a magnetic order can
introduce the anti-symmetric Raman tensor elements, which enables us to
propose a unifiedmodel to explain the spin dependence of Ramanmodes in
2D magnets.

Since the interlayer coupling in CrI3 is weak, we can treat each layer
approximately as a single object23,44 and rewrite the Raman tensor in Eq. (1)
with each layer instead of each atom as a unit:

R ¼ V
XN

L¼1

∂χαβ
∂rlðLÞ

ejlðLÞffiffiffiffiffiffiffi
ML

p /
XN

L¼1

∂χαβ
∂dðLÞΔdL /

XN

L¼1
PL
αβΔdL; ð4Þ

where L is the layer index,N is the total number of layers, PL
αβ represents the

contribution of layer L to the change of polarizability by a unit displacement

of the layer, andΔdL indicates thedisplacement of layerL in aphononmode.
PL
αβ can also be divided into a symmetric partPS and an anti-symmetric part

PAS since χαβ has both symmetric and anti-symmetric parts. Eq. (4)
represents a generalized and simplified polarizability model for us to gain
crucial insights into Raman scattering of 2D magnets, as will be
discussed below.

For the bilayer, R ∝ P1Δd1+ P2Δd2. The symmetric parts of the
polarizability tensor of layer 1 and layer 2 are equal regardless of the mag-
netic order between the layers, i.e., χ1S ¼ χ2S ¼ χS; however, the anti-
symmetric parts depend on the relative spin orientation between the layers.
In the AFM state, two layers have the opposite spin alignments, and thus
χ1AS ¼ Àχ2AS ¼ χAS (recall a similar behavior that the reversal of the spin
direction in the monolayer changes the sign of the anti-symmetric terms in
the Raman tensor); in the FM state, it is natural that χ1AS ¼ χ2AS ¼ χAS.
ThereforeP1

S ¼ P2
S ¼ PS,P

1
AS ¼ ÀP2

AS ¼ PAS for theAFMstate andP1
AS ¼

P2
AS ¼ PAS for theFMstate. For themonolayer,R∝P1Δd1 = (PS+ PAS)Δd1.

Therefore, PS and PAS essentially correspond to the symmetric and anti-
symmetric part ofRaman tensorofA2mode inmonolayerCrI3, respectively,
and they should assume the following simple forms according to Eq. (3):

PS ¼
a

a

b

0

B@

1

CA; PAS ¼
c

Àc

0

B@

1

CA: ð5Þ

For the AFM state, we haveR∝ PS(Δd1+Δd2)+ PAS(Δd1−Δd2). For
Ag mode (Fig. 2), Δd1 ≈ Δd2, and thus RAFM

Ag
/ 2PSΔd1 that only has the

symmetric part; for Bumode, Δd1 ≈−Δd2, and thus RAFM
Bu

/ 2PASΔd1 that
only has the anti-symmetric part. This analysis is confirmedby the numerical
Raman tensors from DFT calculations shown in Supplementary Table 5.
Clearly, the Raman tensor of Ag (Bu) mode almost only has diagonal (off-
diagonal) terms so that it almost only appears in theXX(XY)polarization set-
up, as shown in Fig. 2a. For the FM state, on the other hand, we have R ∝
(PS+ PAS)(Δd1+Δd2). For Bu mode, Δd1 ≈ − Δd2, so its Raman tensor is
basically zero, which is consistent with our DFT calculations shown in
SupplementaryTable5. ForAgmode,Δd1≈Δd2,RFM

Ag
/ 2ðPS þ PASÞΔd1, so

the Raman tensor contains both the symmetric PS and anti-symmetric PAS,
indicating amuchmore complicated form similar to the one on the right side
of Eq. (3). As shown in Fig. 2b, we can observe thatBumode is inactive butAg

mode is active in both polarization setups. These trends are similar to the A2

mode of themonolayer shown inFig. 1, since the bilayer here shares the same
FMstatewith themonolayer. To summarize, ourmodel successfully explains
the experimental andDFT simulatedmagneto-Raman behaviors ofAgmode
and the Davydov-split component Bu. It also reveals two key ingredients
governing the abnormal behaviors ofAg andBumodes under theAFMorder:
first, the opposite spin orientation between two layers gives rise to opposite
anti-symmetric terms in the polarizability and Raman tensors between two
layers; second, Ag and Bu modes have the opposite layer vibration patterns.
Therefore, the spin-phonon coupling in CrI3 depends on both the magnetic
order (reflected in PAS) and the vibration pattern (reflected in ΔdL).

Trilayer CrI3 has threeDavydov splitting components for each phonon
mode from the monolayer. For A2 mode in monolayer, it is split into three
modes: two even-paritymodesAg and one odd-paritymode Bu, as shown in
Fig. 3a. Their simulated Raman spectra exhibit strong dependence on the
interlayer magnetic order as demonstrated in Fig. 3b, c, in agreement with
the prior experimental work23. We continue to deploy our model for
understanding both the experimental and our calculated magneto-Raman
spectra. The Raman tensor of the trilayer can be written as R ∝
P1Δd1+ P2Δd2+ P3Δd3. In the AFM state, the polarizability tensor of each
layer follows χ1S ¼ χ2S ¼ χ3S ¼ χS, χ1AS ¼ Àχ2AS ¼ χ3AS ¼ χAS. Therefore
P1
S ¼ P2

S ¼ P3
S ¼ PS, P1

AS ¼ ÀP2
AS ¼ P3

AS ¼ PAS, leading to R ∝
PS(Δd1+Δd2+Δd3)+ PAS(Δd1−Δd2+Δd3). For Bu mode, Δd2 = 0, and
Δd1 ≈−Δd3, soR is essentially zero and Bumode does not become active in
the AFMorder. However, forA1

g mode,Δd1≈Δd3 =Δd, whileΔd2 ¼ ÀΔd0

which is in the opposite direction but larger than Δd. This yields

Fig. 2 |Raman spectra of bilayerCrI3.CalculatedRamanspectra of bilayerCrI3under
both parallel (XX) and cross (XY) polarizations when the interlayer magnetic order is
a AFM or b FM. The vibration patterns of Ag and its Davydov-split counterpart Bu are
shown as insets. The red and green arrows indicate the out-of-plane magnetic order.
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RAFM
A1
g

/ PSð2Δd À Δd0Þ þ PASð2Δd þ Δd0Þ, where 2Δd À Δd0 is smaller
than 2Δd þ Δd0. Recall Eq. (5), andwe can conclude that the diagonal terms
in the Raman tensor ofA1

g are smaller than the off-diagonal anti-symmetric
terms. Therefore, A1

g exhibits stronger signals in the XY polarization setup
than that in the XX polarization setup as demonstrated in Fig. 3b. On the
other hand, for A2

g mode, Δd1 � Δd3 ¼ Δd00, while Δd2 ¼ Δd000 that is in
the same direction as Δd1 and Δd3, leading to RAFM

A2
g

/ PSð2Δd00þ
Δd000Þ þ PASð2Δd00 À Δd000Þ. It is apparent that the diagonal terms in the
Raman tensor ofA2

g should be larger, and hence it shows stronger signals in
Fig. 3b in the parallel polarization setup than that in the cross-polarization
setup, which is the opposite behavior of A1

g .
In the FM state, the Raman tensor is rewritten as R ∝

PS(Δd1+Δd2+Δd3)+ PAS(Δd1+Δd2+Δd3). Bu mode still has its
Raman tensor as zero and is Raman inactive. ForA1

g mode,Δd1≈Δd3 =Δd,
Δd2 ¼ ÀΔd0, and thus RFM

A1
g
/ ðPS þ PASÞð2Δd À Δd0Þ. As 2Δd À Δd0 is

very small, the Raman intensity ofA1
g is weak in both polarization channels,

as shown in Fig. 3c. For A2
g mode, RFM

A2
g
/ ðPS þ PASÞð2Δd00 þ Δd000Þ.

This suggests that A2
g should be stronger in both polarization channels

compared to A1
g since 2Δd00 þ Δd000 is much larger than 2Δd À Δd0, as

confirmed by calculated Raman spectra in Fig. 3c. Moreover, the Raman
tensor of A2

g assumes a similar form to that of A2 mode in monolayer CrI3,
since the latter isR∝ (PS+ PAS)Δd1 for themonolayer. Therefore, similar to
A2 mode shown in Fig. 1a, the Raman intensity of A2

g in the XX channel is
stronger than that in the XY channel. Raman intensities of the relevant
phononmodes in 1L-3L CrI3 based on the generalized polarizability model

are summarized below (more details in Supplementary Information):

1L :

IA2 ðXX Þ / jR11j2 ¼ jaj2Δd21; IA2 ðXY Þ / jR12j2 ¼ jcj2Δd21;
2L :

IAFMAg
ðXXÞ / 4jaj2Δd21; IAFMAg

ðXYÞ ¼ 0;

IAFMBu
ðXXÞ ¼ 0; IAFMBu

ðXYÞ / 4jcj2Δd21;
IFMAg

ðXXÞ / 4jaj2Δd21; IFMAg
ðXYÞ / 4jcj2Δd21;

IFMBu ðXXÞ ¼ 0; IFMBu
ðXYÞ ¼ 0;

3L :

IAFMA1
g

ðXXÞ / jaj2ð2Δd À Δd0Þ2; IAFMA1
g

ðXYÞ / jcj2ð2Δd þ Δd0Þ2;
IAFMBu

ðXXÞ ¼ 0; IAFMBu
ðXYÞ ¼ 0;

IAFMA2
g

ðXXÞ / jaj2ð2Δd00 þ Δd000Þ2; IAFMA2
g

ðXYÞ / jcj2ð2Δd00 À Δd000Þ2;
IFMA1

g
ðXXÞ / jaj2ð2Δd À Δd0Þ2; IFMA1

g
ðXYÞ / jcj2ð2Δd À Δd0Þ2;

IFMBu ðXXÞ ¼ 0; IFMBu
ðXYÞ ¼ 0;

IFMA2
g
ðXXÞ / jaj2ð2Δd00 þ Δd000Þ2; IFMA2

g
ðXYÞ / jcj2ð2Δd00 þ Δd000Þ2;

whichare consistentwithab initio calculatedRamanspectra shown inFigs. 1,
2, 3, respectively. In short, the model can explain the magneto-Raman
scattering data in 1L-3L CrI3, as well as the four-layer and bulk CrI3
systems (see more details in Supplementary Information and Supple-
mentary Figs. 2, 3). The comparison between Raman spectra from first-
principles calculations and the model is shown in Supplementary Fig. 4.
Our calculated spin-dependent polarized Raman spectra of 1L-4L CrI3
are also consistent with existing experimental data (Supplementary Fig.
5). Finally, we note that the circularly polarized magneto-Raman spectra
can also be predicted by ourDFT simulations and explained by themodel
(more details in Supplementary Information).

Magneto-Raman effect in MnBi2Te4
MnBi2Te4 is another 2D vdW magnetic material that has attracted broad
research interests due to its novel topological and magnetic properties30–32.
The crystal structure of bulkMnBi2Te4 belongs to the space groupR3m (No.
166) with the point groupD3d, and it has three doubly degenerateEgRaman
modes and three non-degenerateA1gRamanmodes45,46. Similar to CrI3, the
spin-dependent anti-symmetric off-diagonal matrix elements of MnBi2Te4
appear inR13 andR23 forEgmodes, while inR12 forA1gmodes. Therefore, in
the typical back-scattering geometry, only A1gmodes can be probed for the
spin-Raman correlation (R12 for Egmodes is spin-independent). Following
the similar steps of bilayer CrI3 discussed above, we have R ∝
PS(Δd1+Δd2)+ PAS(Δd1 − Δd2) for the AFM state. For a A1g mode in
Fig. 4a (in-phase layer vibrations),Δd1≈Δd2, and thusRAFM

A1g
/ 2PSΔd1; for

a A2u mode (out-of-phase layer vibrations), Δd1 ≈ −Δd2, and thus
RAFM
A2u

/ 2PASΔd1. Therefore, the Raman tensor of a A1g (A2u) mode only
has diagonal (off-diagonal) terms in theAFM state so that it only appears in
the XX (XY) polarization channel, which well explains the spin-dependent
behaviors of three A1g and A2u modes in our calculated Raman spectra
shown in Fig. 4b. For the FM state, we haveR∝ (PS+ PAS)(Δd1+Δd2). For
aA2umode,Δd1≈−Δd2, soRFM

A2u
� 0. For aA1gmode,Δd1≈Δd2, and thus

RFM
A1g

/ 2ðPS þ PASÞΔd1. These results corroborate our calculations in
Fig. 4c that anyA2umode is inactive, but anyA1gmode can show up in both
linear polarization setups (see circularly polarized Raman spectra of
MnBi2Te4 in Supplementary information). In short, MnBi2Te4 exhibits a
similar magneto-Raman effect to CrI3. Our first-principles calculations and
the generalized model demonstrate that the magneto-Raman scattering of
phonon modes should broadly exist in 2D magnets. Finally, we note that
compared to CrI3, the spin-dependent off-diagonal terms in MnBi2Te4 are
obviously smaller (Supplementary Table 7) since the intensities of A2u

modes in Fig. 4b and A1gmodes in Fig. 4c in the XY channel are in general

Fig. 3 | Vibration patterns and Raman spectra of trilayer CrI3. a The vibration
patterns of three Davydov splitting components for the Raman mode around
125 cm−1 in trilayer CrI3. Calculated Raman spectra of trilayer CrI3 under both
parallel (XX) and cross (XY) polarizations when the interlayer magnetic order is
b AFM or c FM.
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considerably weaker than those in the XX channel (even the intensities in
XX are reduced by five times). Such a result predicted by the first-principles
simulations may explain why the spin-dependent phenomenon of
MnBi2Te4 has not yet been experimentally observed since the spin-related
Raman signals could be too weak. Based on our calculations, exploring
different laser excitation energies other than 1.96 and 2.33 eV, or applying a
strong magnetic field should boost the signals for detection.

We have also studied bilayer MnBi2Te4 (Fig. 5), where a notable dif-
ference from the bulk is the appearance of three additional A1g and A2u

Davydov pairs besides the three bulk-likeA1g andA2u pairs. This is due to the
symmetry reduction in the bilayer as the exterior atoms in each layer are no
longer equivalent to the interior atoms.ThesenewDavydovpairs are denoted
as A0

1g and A
0
2u, A

00
1g and A

00
2u, and A

000
1g and A

000
2u, respectively, to differentiate

the bulk-like pairs (A1
1g and A1

2u, A
2
1g and A2

2u, and A3
1g and A3

2u). All six
Davydov pairs in 2LMnBi2Te4 exhibit similar magneto-Raman behaviors to
bulkMnBi2Te4. Just like the bulk, themagneto-Raman effect ofmost pairs in
2LMnBi2Te4 is weaker than CrI3 since the spin-related Raman intensities in
theXY channel are generallymuchweaker than intensities in theXX channel
(even the latter are reduced by five times formost Raman peaks). However, it
is interesting to note that for the A0

1g and A
0
2u pair that only shows up in 2L

MnBi2Te4, the intensities in the cross channel are stronger than or com-
parable with those in the parallel channel, indicating a strong magneto-
Raman effect. This is probably due to strong displacements of theMn atoms
and theneighboringTeatoms in the vibrationsofA0

1g andA
0
2u modes as these

atoms host themajority ofmagneticmoments in the system. For theA000
1g and

A000
2u pair involving strong displacements of the Mn atoms, the magneto-

Raman effect is also relatively strong compared to many other modes. In
short, 2L and few-layerMnBi2Te4 could present interestingmagneto-Raman
phenomena for future experimental exploration.

Magneto-Raman effect in CrCl3 with in-plane magnetization
CrCl3 is a 2D layered magnet that features an in-plane easy axis where
magnetic orders are within the x−y plane47–49, compared to CrI3 and
MnBi2Te4 that have an out-of-plane easy axis. We investigated bilayer
CrCl3, where the spins are set alongwith the x axiswithout loss of generality.
Similar magneto-Raman effect is found for CrCl3 (Supplementary Fig. 8);
however, there are two notable differences between CrCl3 and CrI3. First,
due to the in-plane magnetic orders, the major spin-dependent anti-sym-
metric terms inRaman tensors ofAg andBumodes appear inR23 andR32 for
CrCl3 (Supplementary Table 6) compared to R12 and R21 for CrI3 (Sup-
plementary Table 5). Therefore, the magneto-Raman phenomena of CrCl3
are better observed when the travel direction of light is along the x axis (i.e.,
the laser geometry should be �XðYYÞX or �XðYZÞX instead of the common
back-scattering �ZðXXÞZ or �ZðXYÞZ , see Supplementary Fig. 8). Second,
because of its weaker SOC29,50, the spin-dependent off-diagonal terms in
Raman tensors of CrCl3 are significantly smaller than the diagonal terms
and hence the intensities in the cross channel aremuchweaker than those in
the parallel channel (Supplementary Fig. 8), in contrast to CrI3 where the
intensities in both the channels are comparable (Fig. 2). The comparative
study between CrCl3 and CrI3 highlights that the spin orientation and the
SOC strength are both crucial in governing magneto-Raman behaviors.

Finally, to demonstrate the robustness of our results, we tested different
functionals (LDA and PBE) and vdWcorrectionmodels (semi-empirical D3
corrections andnon-local vdW-DFfunctional optB86b-vdW)on2LCrI3 and
2L MnBi2Te4. These different calculation methods give rise to minor differ-
ences in the spin-dependent polarized Raman spectra while the magneto-
Raman behaviors and the optical selection rules remain the same (Supple-
mentary Figs. 9, 10), proving the validity of our magneto-Raman findings.

Discussion
In summary, we have carried out a comprehensive study of the magneto-
Ramaneffect in 2Dmagnets byusingfirst-principlesDFTcalculations and a
simple yet generalized polarizability model derived from the theory of
Raman scattering. For 1LCrI3, the out-of-plane FMmagnetic order is found
to introduce considerable anti-symmetric off-diagonal terms in the Raman
tensor of the characteristicA symmetrymode near 125 cm−1 (denoted asA2

orAg), which alters its optical selection rule so that it can be observed in the
cross (XY) polarization channel. Such strong spin-phonon coupling also
gives rise to a notable degree of circular polarization (i.e., Raman intensity is
different in LL and RR circular polarization channels). Without the FM
order, our simulations prove that such a magneto-Raman effect is com-
pletely absent.Our results arewell consistentwithprior experimentalworks,
and more importantly, we discover that such spin-dependent off-diagonal
terms are also present for another A symmetry mode near 74 cm−1 and
several doubly degenerated E modes in 1L CrI3. DFT calculations provide
quantitative evidence on why they are almost not studied and predict how
they can be experimentally observed. This demonstrates that the correlation
between phonon modes and magnetic orders is not limited to the sole A
symmetry Raman mode studied in experiments so far, and it should be a
universal phenomenon.

For 2L-4L CrI3, the calculated linearly and circularly polarized Raman
spectra for both interlayer FM and AFM orders also agree well with the
experimental data, highlighting the strong magnetism dependence of the
Davydov-split components of Ag mode. The normally Raman inactive
DavydovmodeswithBu symmetry remain silent under theFMstate, but can
become Raman active under the AFM state as the anti-symmetric off-
diagonal terms appear in the Raman tensor; the Davydov modes with Ag

symmetry have anti-symmetric off-diagonal terms under the FM state, but
can have these terms disappear under the AFM state. Such spin-dependent

Fig. 4 | Vibration patterns and Raman spectra of bulk MnBi2Te4. a Calculated
vibration patterns of three A1g Raman modes and their Davydov-split counterparts
in bulk MnBi2Te4. Calculated Raman spectra of bulk MnBi2Te4 under both parallel
(XX) and cross (XY) polarizations when the interlayer magnetic order is b AFM or
c FM. The Raman spectra in the XX channel are reduced by five times, soA2umodes
in (b) and A1g modes in (c) from the XY channel are more visible.
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behaviors change the selection rules for both linear and circular polariza-
tions and allow magneto-Raman spectroscopy to monitor the magnetic
order. Our generalized polarizability model successfully explains the
magneto-Raman spectra of 2L-4L CrI3 and can be applied to any thickness
in principles. It reveals that the spin-phonon coupling in 2D magnets
depends on both the spin orientation (reflected in PAS) and the vibration
pattern (reflected in ΔdL) of each layer. Furthermore, we extend our
simulations and modeling to MnBi2Te4 and reveal a similar magneto-
Raman effect. The quantitative results byDFT calculations unveil why it has
not yet been observed experimentally andpresent a path forwardonhowwe
can observe it in future experiments. Finally, we investigated 2L CrCl3 that
has an in-plane easy axis, in contrast toCrI3 andMnBi2Te4 that have anout-
of-plane easy axis. Although the magneto-Raman effect is still present, the
in-plane magnetic order in CrCl3 changes the location of the major spin-
dependent off-diagonal terms in the Raman tensor matrix, leading to dif-
ferent polarization selection rules. The weak SOC in CrCl3 renders its
magneto-Raman effect muchweaker than CrI3, and thus selecting different
laser excitation energies and applying a strong magnetic field may be
required for experimental detection.

Our first-principles simulations and analytical modeling are com-
plementary to each other in a sense that the former provides quantitative
Raman spectra guiding experiments to locate phonon modes showing
magneto-Raman behaviors and the latter offers qualitative analysis

facilitating the understanding of the phenomena. They could play an
important role in accelerating the magneto-Raman research in the ever-
growing family of 2Dmagnets.With the predictionpower offirst-principles
simulations, in the future, we will generate a computational magneto-
Raman library (i.e., digital twin of magneto-Raman spectroscopy) to facil-
itate rapid characterization of magnetic ordering in layered 2D magnets.

Methods
DFT parameters
First-principles spin-polarized DFT calculations are carried out using the
Vienna ab initio simulation package (VASP) with the projected augmented
wave (PAW)method51,52. Local density approximation (LDA) is adopted for
the electron exchange-correlation functional for CrI3, since the phonon
frequencies computed by LDA are well consistent with experimental data.
The generalized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE)53 is also used for the exchange-correlation functional,
where both theDFT-D3method54 (denoted asPBE+D3) and theoptB86b-
vdWfunctional55 (denoted asPBE+ optB86b) are added todescribe the van
der Waals (vdW) interactions between the layers. The PBE+D3 and
PBE+ optB86b, however, notably underestimate thephonon frequencies of
CrI3, and thus LDA is used for phonon and Raman intensity calculations of
CrI3. On the other hand, PBE+D3 describes the lattice dynamics of
MnBi2Te4 reasonablywell

46, andhence it is used for computingproperties of

Fig. 5 | Vibration patterns and Raman spectra of bilayer MnBi2Te4. a Calculated
vibration patterns of six A1g and A2u Davydov pairs in 2L MnBi2Te4. Calculated
Raman spectra of 2L MnBi2Te4 under both parallel (XX) and cross (XY)

polarizations when the interlayer magnetic order is b AFM or c FM. The intensities
of four Raman peaks in the XX channel are reduced by five times so Raman peaks
from the XY channel are more visible.
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MnBi2Te4. To account for the strong electron correlations effect from the
localized d orbitals of Cr and Mn atoms, we employ Dudarev’s DFT+U
approach56, where the effectiveU term isUeff = 3.0 eV for CrI3

5 while 4.0 eV
for MnBi2Te4

30. For both CrI3 and MnBi2Te4, each layer prefers the FM
order with an out-of-plane easy axis1,30. The weak interlayer interactions,
however, make it possible to switch interlayer magnetism between the FM
and AFM order9,23–26. Therefore, we consider both interlayer AFM and FM
magnetic orders in our calculations. All the structures are relaxed until the
maximum forceon each atom is less than 1meV/Å. The cutoff energy of the
planewaves is chosen as 350 eV.TheBrillouin zone (BZ) is sampledusingΓ-
centered 12 × 12 × 1 for mono- and few-layer CrI3 and bilayer MnBi2Te4,
while 12 × 12 × 3 uniform k-grid for bulk CrI3 and MnBi2Te4. For the 2D
systems, a vacuum region ofmore than 20Å in the direction is used to avoid
spurious interactions with the neighboring cells. We also studied bilayer
CrCl3 using the same setting as bilayer CrI3 with the PBE+D3 method;
however, the magnetic orders (both FM and AFM) were set in-plane
for CrCl3.

Phonon calculations
Based on the optimized unit cell, we perform phonon calculations using a
finite difference scheme implemented in the Phonopy57. We use VASP to
compute Hellmann-Feynman forces in a supercell. For mono- and few-
layer CrI3 and bilayer CrCl3, the size of the supercell is 2 × 2 × 1 with the
corresponding k-grid reduced to 6 × 6 × 1; for bulk CrI3, the size of the
supercell is 2 × 2 × 1 with the corresponding k-grid reduced to 6 × 6 × 3; for
bilayer MnBi2Te4, the supercell size is 3 × 3 × 1 with the corresponding
k-grid reduced to 4 × 4 × 1; for bulkMnBi2Te4, the supercell size is 3 × 3 × 1
with the corresponding k-grid reduced to 4 × 4 × 3. The choice of the
supercell size is to ensure at least 10Å in every lattice direction to avoid
interactions between the neighboring cells. We introduce both positive and
negative atomic displacements (Δ = 0.03Å) to the supercell for static cal-
culations to obtain the forces, which are processed by Phonopy to construct
the dynamic matrix whose diagonalization provides phonon frequencies
and eigenvectors.

Raman intensity calculations
Finally, Raman intensities are computed within the Placzek
approximation20–22,33,34, as discussed above in the section of “Theory of
resonant and magneto-Raman scattering”. Basically, one needs to calculate
the derivatives of the polarizability tensor with respect to the atomic dis-
placements for obtaining the Raman tensor. For both positive and negative
atomic displacements along each direction in the unit cell (σ = 0.03Å), the
frequency-dependentpolarizability tensor is computedbyVASP(LOPTICS=.
TRUE.), and then the derivatives of the polarizability tensor are obtained via
the finite difference approach. The SOC effect with the noncollinear mag-
netic order has to be turned on during the VASP calculations of the
polarizability tensor corresponding to each atomic displacement, in order to
fully capture the effects of magnetism on the polarizability tensor, the
Raman tensor, and subsequently, theRaman intensity28,29. The derivatives of
the polarizability tensor, combined with the phonon frequencies and pho-
non eigenvectors, yield the Raman tensor matrix and, subsequently, the
Raman intensity for every phonon mode under a given laser polarization
set-up. Since DFT tends to underestimate the band gap and excitation
energy, theDFTexcitation energy is chosenas 1.20 eV for 1LCrI3 and2L-4L
CrI3 under the interlayer AFM state unlessmentioned otherwise. For 2L-4L
CrI3 under the interlayer FM state, the electronic band structures are
changed, as evidenced by the fact that the band gaps are different from the
ones under the AFM state by about 0.1–0.14 eV, and hence the DFT exci-
tation energy is correspondingly changed to 1.30 eV. The DFT excitation
energy is set as 1.62 eV for MnBi2Te4.

Data availability
The data that support the plots within this paper and other findings of
this study are available from corresponding authors upon reasonable
request.
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