
2108506  (1 of 8) © 2022 Wiley-VCH GmbH

www.advmat.de

Research Article

Spin–Phonon Coupling in Ferromagnetic Monolayer 
Chromium Tribromide

Jiangbin Wu, Yu Yao, Miao-Ling Lin, Malte Rösner, Zhonghao Du, Kenji Watanabe, 
Takashi Taniguchi, Ping-Heng Tan,* Stephan Haas,* and Han Wang*

J. Wu, Z. Du, H. Wang
Ming Hsieh Department of Electrical and Computer Engineering
University of Southern California
Los Angeles, CA 90089, USA
E-mail: han.wang.4@usc.edu
Y. Yao, S. Haas
Department of Physics & Astronomy
University of Southern California
Los Angeles, CA 90089, USA
E-mail: shaas@usc.edu
M.-L. Lin, P.-H. Tan
State Key Laboratory of Superlattices and Microstructures, Institute of 
Semiconductors
Chinese Academy of Sciences
Beijing 100083, China
E-mail: phtan@semi.ac.cn

M. Rösner
Theory of Condensed Matter Department
Radboud University
6500 GL, Nijmegen 29777, Netherlands
K. Watanabe
Research Center for Functional Materials
National Institute for Materials Science
1-1 Namiki, Tsukuba 305-0044, Japan
T. Taniguchi
International Center for Materials Nanoarchitectonics
National Institute for Materials Science
1-1 Namiki, Tsukuba 305-0044, Japan
P.-H. Tan
Center of Materials Science and Optoelectronics Engineering & CAS 
Center of Excellence in Topological Quantum Computation
University of Chinese Academy of Sciences
Beijing 100049, China
H. Wang
Mork Family Department of Chemical Engineering and Material Science
University of Southern California
Los Angeles, CA 90089, USADOI: 10.1002/adma.202108506

sensors and nonvolatile memories that 
require a high data density with a long 
retention time.[7] In order to engineer the 
potential of these 2D magnets, it is crucial 
to investigate their intrinsic spin–phonon 
coupling (SPC) systematically, which is 
a key mechanism behind magnetic fluc-
tuations, magnon dissipation, and estab-
lishing long-range ferromagnetic.[8]

Lattice dynamics and electronic prop-
erties of 2D materials have been widely 
quantified by Raman spectroscopy.[9] Sim-
ilar methods can be used to observe SPC 
in 2D magnets[10] such as FeF2, FePS3, 
and Cr2Ge2Te6. However, many previous 
experimental studies have focused on the 
effects of magnetism on phonon frequen-
cies. Additionally, some theoretical models 

approximate the interaction between magnons and phonons 
with localized spin, which has successfully predicted magnon 
softening[11] and phonon frequency shifts at low temperature.[12] 
In contrast, there have been a limited number of theoretical 
studies that examine SPC in 2D magnets,[8h,13] while concen-
trating on spin-induced phonon shifts. Therefore, a compre-
hensive study of SPC in 2D magnets is needed to understand 
the effect of spin and lattice degrees of freedom on the direc-
tions and amplitudes of phonon shifts.

We investigated the crystal structure, magnetic exchange 
interactions, critical temperatures, and phonon properties of 

Novel 2D magnets exhibit intrinsic electrically tunable magnetism down to 
the monolayer limit, which has significant value for nonvolatile memory and 
emerging computing device applications. In these compounds, spin–phonon 
coupling (SPC) typically plays a crucial role in magnetic fluctuations, magnon 
dissipation, and ultimately establishing long-range ferromagnetic order. How-
ever, a systematic understanding of SPC in 2D magnets that combines theory 
and experiment is still lacking. In this work, monolayer chromium tribromide 
is studied to investigate SPC in 2D magnets via Raman spectroscopy and first 
principle calculations. The experimental Curie temperature and phonon shifts 
are found to be in good agreement with the numerical simulations. Specifi-
cally, it is demonstrated how magnetic exchange interactions affect phonon 
vibrations, which helps establish design fundamentals for 2D magnetic mate-
rials and other related devices.

1. Introduction

Recently, several magnetic van der Waals monolayer compounds 
have been successfully identified and explored, including new 
compounds in the 2D functional quantum materials family, 
Cr2Ge2Te6,[1] CrI3,[2] CrBr3,[3] and Fe3GeTe2.[4] The observed mag-
netic properties of these compounds indicate dependences on 
material thickness, pressure, and electrostatic bias.[2,4a,5] Some 
novel devices, such as multiple-spin-filter magnetic tunnel 
junctions, have been proposed and shown to have promising 
applications.[6] Moreover, 2D magnets could greatly advance 
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the ferromagnetic monolayer CrBr3 by combining tempera-
ture-dependent Raman spectroscopy and first-principle calcu-
lations. The Raman-active phonon frequencies of monolayer 
CrBr3 show blueshifts below ≈25  K, which we correlate with 
the magnetic Curie temperature (Tc). The observed effects of 
SPC on phonon frequency were reproduced using density 
functional theory (DFT) in conjunction with a finite-displace-
ment approach. The calculated critical temperatures and SPC-
induced phonon shifts are found to agree well with the experi-
mental measurements. In conclusion, we found that SPC is 
predominantly caused by the varying exchange interactions as 
the atoms oscillate about their equilibrium positions.

2. Results and Discussion

Figure 1a shows a schematic plot of the monolayer CrBr3 crystal 
structure. The Cr atoms form a honeycomb lattice, which 
is sandwiched by two atomic planes of Br atoms. The paral-
lelogram in Figure 1a represents a unit cell containing two Cr 
atoms (blue) and six Br atoms (red). The formally charged Cr3+ 
ions are located at the center of a slightly distorted octahedron 
formed by Br atoms. Magnetism in CrBr3 originates from the 
partially filled d shells of the Cr atoms (electronic configura-
tion of 3d3). According to ligand field theory, the crystal field, 
which is combined with halide ligands in an octahedral envi-
ronment, results in a splitting of the Cr d orbitals into two sym-
metric classes: A set of triply degenerate t2g orbitals (with lower 
energy), and a set of doubly degenerate eg orbitals (with higher 
energy).[14] The half-occupied Cr t2g orbital yields S  =  3/2, 
which creates an atomic magnetic moment of 3  μB for each 
Cr atom. The monolayer CrBr3 is ferromagnetic,[3a,15] which is 
exfoliated from its bulk material onto a Si/SiO2 substrate (see 
Experimental Section for details). An optical image of a mon-
olayer CrBr3 flake is shown in Figure 1b. We used atomic force 
microscopy to measure the thickness of the monolayers. The 
resulting atomic force microscopy image is shown in Figure 1c, 
and the thickness was ≈0.8 nm, which is below the thickness of 
two-layer spacings, ≈1.2 nm.

Monolayer CrBr3 belongs to the space group D3d and has 
8 atoms per unit cell. There are 24 normal vibration modes at the 
center of the Brillouin zone: Γ = 4Eg + 2A1g + 2A2g + 4Eu + 2A1u + 
2A2u. Here, Eg and Eu are doubly degenerate, and the Eg and 

A1g modes are Raman active. The Raman tensors (R) of A1g and 

Eg are (A )
0 0

0 0
0 0

1gR
a

a
b

=











 and (E )

0 0
0
0 0

0
0 0
0 0

,gR
c

c d
d

c d
c
d

= −














− −
−
−















 

respectively, which means that with parallel polarization (XX), 
both A1g and Eg modes can be observed. However, with cross 
polarization (XY), the A1g modes are silenced, whereas the Eg 
modes still exhibit the same intensity as that with XX polariza-
tion. Although the in the ferromagnetic order, there should be 
imaginary off-diagonal components in the Raman tensor,[16] but 
these terms can be neglected (see Note S1, Supporting Infor-
mation, for details). The measured polarized Raman spectra of 
monolayer CrBr3 are shown in Figure 2. The four Eg modes are 
located at 73.7 cm−1 (Eg

1), 142.8 cm−1 (Eg
2), 152.6 cm−1 (Eg

3), and 
283.9 cm−1 (Eg

4), and the two A1g modes are at 105.8 cm−1 (A1g
1) 

and 183.8 cm−1 (A1g
2). Two laser wavelengths (753 and 594 nm) 

are used here to observe the Eg
1 and Eg

4 modes. We attribute 
the varied intensities of these modes excited by different wave-
length to the unique symmetry-dependent vibronic coupling 
in this system, akin to interlayer modes in twisted multilayer 
graphene.[17]

Figure 3 presents the temperature dependence of the Raman 
spectra in the A1g

1, Eg
2, Eg

3, and A1g
2 range from 6 to 70 K. The 

corresponding frequency (Raman shift) of each mode is shown 
in the lower panel. In common nonmagnetic materials, the 
temperature-dependent phonon frequency can be described by 
a model that includes phonon self-energy terms due to three 
and four phonon anharmonic processes.[18]
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where A and B are constants, x  = ℏω0/2kBT, y  = ℏω0/3kBT, 
and ω0 is the phonon frequency at 0  K (see Figure S1, Sup-
porting Information, for details). At temperatures above Tc, 
this model is sufficient for predicting temperature-dependent 
phonon frequencies.[18] We fit the above anharmonic model 
with the observed temperature-dependent phonon shifts in 
monolayer CrBr3 for temperatures above the Tc, as shown in 
Figure  3. Clearly, when the temperature is lower than 25  K, 
the anharmonic model is less accurate. Instead, the observed 
phonon frequencies of each mode show a marked increase 
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Figure 1.  a) Atomic structure of monolayer CrBr3. The unit cell of CrBr3 includes two Cr (blue) and six Br atoms (red). b) Optical images of a CrBr3 
flake. The CrBr3 sample was prepared on a Si/SiO2 substrate. c) Atomic force microscopy image of the CrBr3 flake in (b). Only the upper right corner 
of the sample is monolayer CrBr3 (shown in the inset as a line-plot).
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when compared to the nonmagnetic model, which is sim-
ilar with the temperature-dependent Raman shift in the bulk 
CrBr3.[19] This is indicative of ferromagnetic phase and SPC in 
monolayer CrBr3 and the accompanying onset of SPC induced 
renormalizations. Indeed, the onset temperature of ≈25  K is 
in good agreement with values of Tc extracted from transport 
measurements.[20] The blueshifts of phonon frequencies due 
to the SPC for the A1g

1, Eg
2, Eg

3, and A1g
2 modes are 0.3, 0.33, 

0.26, and 0.37  cm−1, respectively, which correspond to 0.28%, 
0.23%, 0.17%, and 0.20%, respectively, with respect to their own 
phonon frequencies.

We notice that the Cr–Br–Cr angle is very close to 90° (95.2° 
by generalized gradient approximation, GGA). According to 
the Goodenough–Kanamori–Anderson rule,[21] this signals the 
existence of a ferromagnetic super-exchange interaction along 
the Cr–Br–Cr path.[22]The underlying origin of ferromagnetism 
within single-layer CrBr3 (and other single-layer chromium tri-
halides) can be qualitatively understood from the competition 
of direct exchange between the Cr–Cr atoms and the super-
exchange between Cr–Cr nearest neighbors, mediated by a 
central Br atom,[23] which is controlled by effective Coulomb 
repulsion within the Cr d states. A more-detailed recent report 
of monolayer CrI3 shows that the dominant contribution to the 
exchange interactions between Cr–Cr couples originates from 
two orbital channels, t2g–t2g and t2g–eg.[24] Particularly, the antifer-
romagnetic coupling from the t2g–t2g orbital channel competes 
with the ferromagnetic coupling from the t2g–eg orbital channel.

To systematically investigate SPC in monolayer CrBr3 from 
first principles, we performed GGA+U calculations with var-
ying Hubbard-U values. For each Hubbard-U, we optimized 
the lattice structure and calculated the Cr magnetic moments, 
the strength of exchange interactions, phonon frequencies 
at Brillouin zone center, and finally the SPC induced phonon 
frequency shifts. The effective Hubbard-U (Ueff ), Ueff ≈ U − J, 
where J is the Hund’s coupling, varied from 0  to 6. We found 

that the lattice constant of the ferromagnetic ground state 
grows linearly with Ueff. This is similar to observations in 3D 
bulk materials[25] (see Figure S2, Supporting Information). On 
the other hand, the ferromagnetic state itself with about 3  μB 
per Cr atom is found to be independent of the Coulomb inter-
action. And the total energy of the antiferromagnetic phase is 
always higher than in the ferromagnetic phase.

In order to further model the magnetic properties of mon-
olayer CrBr3, we utilized a 2D Heisenberg model, with a hexag-
onal lattice, that describes Cr localized spins. The corresponding 
spin Hamiltonian can be written as ( )

,
,

2H J S S D S
i j

i j i j

i

i
z∑ ∑= + , 

where Si and Sj are the magnetic moments (in μB) at sites i and  
j, Si

z  is the z component of magnetic moment Si, Ji,j is the 
exchange interaction between sites i and j, and D is the anisot-
ropy constant. We calculated the exchange interactions between 
the nearest neighbors J1 = −2.57 meV, second nearest neighbors 
J2 = −0.36 meV, and third nearest neighbors J3 =  0.14 meV in 
GGA (Ueff = 0 eV), where the negative values of J indicate fer-
romagnetic interactions, and the values of J are in line with 
the results in previous reports.[22,26] The results show that the 
exchange interactions between the second and third nearest 
neighbors are sufficiently small compared to the nearest-
neighbor interaction in monolayer CrBr3. Thus, we will only 
focus on the nearest-neighbor exchange interactions in the fol-
lowing. As each Cr site holds a magnetic moment of ≈3 μB, JNN 
can be estimated via

6
NN

FM AFM
2J

E E

S
= − � (2)

where |S|  =  3/2. EFM and EAFM are the total electronic energy 
of one monolayer CrBr3 unit cell with ferromagnetic (FM) and 
antiferromagnetic (AFM) configurations, respectively.[22] The 
prefactor 6  comes from the fact that each unit cell contains 
two Cr atoms, and each Cr atom has three nearest neighbors 
in the honeycomb lattice. In our calculations, we observe that 
JNN decreases almost linearly (ferromagnetic interaction get-
ting stronger) as the Hubbard-U value increases, as listed in 
Table 1. In monolayer CrI3, Kashin et al. found a decay of the 
t2g–t2g exchange interactions for increasing U and a nearly con-
stant behavior of the t2g–eg coupling for U >  1  eV, so that the 
total effective exchange linearly increases with U.[24] We expect 
a similar mechanism in monolayer CrBr3 which explains the 
almost linear strengthening of JNN.

The anisotropy coefficient D can be obtained from the energy 
difference of the out-of-plane and the in-plane magnetization. 
Our first-principle computation of the magnetic anisotropy 
energy indicates that monolayer CrBr3 has an out-of-plane easy 
axis, which agrees with previous experimental results.[2] With 
the consideration of spin–orbit coupling (SOC), the exchange 
coupling and the anisotropy constant are listed in Table 1. The 
critical temperature of this model can be determined via clas-
sical Monte Carlo simulations, yielding[27]
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where 1.52 | | ( )/c
Ising 2

NN BT S J k= − . The Tc of monolayer CrBr3 
is estimated to be 21.5–29.4 K, depending on the value of Ueff, 
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Figure 2.  Raman spectra of monolayer CrBr3 at laser wavelengths of 
594 and 753 nm and with different polarization configurations (XX and 
XY), in the regime of Eg

1, A1g
1, Eg

2, Eg
3, A1g

2, and Eg
4 modes. The spectra 

are taken at temperature 6 K. The dashed line is a visual aid.
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which is close to the experimental value ≈25 K. We can also see 
that inclusion of the Hubbard-U, which accounts for Coulombic 

repulsion of electrons in localized Cr 3d orbitals, significantly 
enhances the exchange parameter JNN and the Curie tempera-
ture. Thus, Cr d orbitals’ Coulomb interactions are important to 
accurately describe CrBr3.

Next, based on the calculated exchange interactions J, we 
can examine the SPC effects within CrBr3 with a combined 
DFT and finite displacement approach. Since the phonon 
eigenvectors are mostly unaffected by the magnetic phase tran-
sition (see Figure S3, Supporting Information, for details), only 
diagonal terms of the force constant matrices are changed. 
This approximation is reasonable if the influence of exchange 
interaction J is small compared to the phonon energy of the 
system, which is true for most phonon modes as discussed 
below. Based on this, and recognizing that J(R) is a function 
of the spatial coordinates of atoms (R), we can approximate the 
phonon frequency shifts from the nonmagnetic to the mag-
netic state as

3

2
,FM ,NM

2 2

,FM

D J R S
j j j

u

j

jω ω ω
ω

( )( )
∆ = − ≈ � (4)

where u is the mass-reduced phonon eigenvector for the ferro-
magnetic ground state, Du j

 is the differential operator, and ωj,FM 
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Table 1.  The exchangçe coupling, anisotropy constant, and estimated 
Curie temperature of monolayer CrBr3 with various Ueff.

JNN, SOC [meV] D [meV] Estimated Tc [K]

GGA −2.46 −0.405 21.5

GGA+U (Ueff = 0.5 eV) −2.64 −0.374 22.2

GGA+U (Ueff = 1.0 eV) −2.79 −0.351 22.8

GGA+U (Ueff = 1.5 eV) −2.95 −0.334 23.5

GGA+U (Ueff = 2.0 eV) −3.10 −0.322 24.1

GGA+U (Ueff = 2.5 eV) −3.23 −0.314 24.7

GGA+U (Ueff = 3.0 eV) −3.35 −0.308 25.3

GGA+U (Ueff = 3.5 eV) −3.48 −0.305 26.0

GGA+U (Ueff = 4.0 eV) −3.60 −0.304 26.6

GGA+U (Ueff = 4.5 eV) −3.72 −0.305 27.3

GGA+U (Ueff = 5.0 eV) −3.84 −0.307 28.0

GGA+U (Ueff = 5.5 eV) −3.95 −0.309 28.7

GGA+U (Ueff = 6.0 eV) −4.06 −0.312 29.4

Figure 3.  a–d) Temperature-dependent Raman spectra of monolayer CrBr3 in the region of A1g
1 (a), Eg

2 (b), Eg
3 (c), and A1g

2 (d) modes (top) and cor-
responding temperature-dependent phonon frequencies (bottom) in the temperature range 6–70 K. The white solid and dashed lines in the top panels 
are visual aids. The solid black lines in the bottom panels are fits given by the anharmonic model, which indicates a Curie temperature (Tc) of ≈25 K. 
The error bars in the bottom panels represent the spectral resolution of our instrument.
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is the ground state phonon frequency for phonon band index j 
(see Note S2, Supporting Information, for the details of deriva-

tion. Since ( )
6 | |

FM AFM
2J R

E E

S
= −

, we obtain

4

2
FM

2
AFM

2
FM

D E D E

D E
j

u u
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j j

j

ω
( ) ( )

( )
∆ =
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and only need to calculate ( )2
FMD Eu j

 and ( )2
AFMD Eu j

 to obtain 
Δωj. To this end, we performed finite displacement calcula-
tions with a step size 0.05  Å to obtain the second derivatives 
of ferromagnetic and antiferromagnetic total energies along the 
corresponding phonon eigenvector directions uj. The phonon 
eigenvector uj is taken from first-principle phonon calculations 
for ferromagnetic monolayer CrBr3, using the first approxima-
tion. The first-principle phonon calculation details are provided 
in Note S3, Supporting Information. It is worth mentioning 
that when ( ) ( )2

FM
2

AFMD E D Eu uj j
> , the phonon modes tend to 

harden (phonon frequencies shift up) from the nonmagnetic to 
the ferromagnetic phase and vice versa.

In Figure 4, we show the corresponding ferromagnetic and 
antiferromagnetic total energies as functions of displacement 
from the Raman active modes. The eigenvectors of these four 
Raman active modes are schematically drawn in the insets of 
Figure  4. The phonon modes A1g

1 and A1g
2 involve Br atoms 

only, whereas the eigenvectors of modes Eg
2 and Eg

3 addition-
ally involve small Cr contributions.

The SPC phonon shifts for monolayer CrBr3 in GGA+U for 
Hubbard-U values from 0  to 6 eV are shown in Figure 5a. All 
the phonon frequencies are blueshifted for Ueff > 1.0 eV, which 
agrees with our experimental results. The Ueff  =  4.5 eV value 
(red circle) produces the best agreement with our experimental 
values (black box), as indicated in Figure 5a. We also see that for 
the A1g

1 mode, the calculated SPC shift deviates most from the 
experimental result. In Figure 4a, we see an obvious shift in the 
equilibrium position of phonon oscillations, as the magnetic 
phase transition occurs for the A1g

1 mode. This shows the cor-
responding phonon eigenvector is unaffected by the magnetic 
phase transition, which implies that our approximations are 
incorrect for this mode. On the other hand, there are no evident 
changes in the equilibrium positions of Eg

2, Eg
3, and A1g

2 which 
implies that our approximations are correct for these modes. 
This can be confirmed by looking at the differences between 
the exchange interaction J and the phonon energy. For the A1g

1 
mode, the difference between J (0.15  meV) and the phonon 
energy (≈13.15 meV) is ≈1.14%, which is much higher than that 
of other modes (0.045–0.22%, see Figure S4, Supporting Infor-
mation, for more details).

The Ueff -dependent JNN and Tc are also calculated for 
the monolayer CrCl3 and CrI3, as shown in Figure  5b. For 
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Figure 4.  a–d) Calculated ferromagnetic (black circles) and antiferromagnetic (red squares) total energies with GGA+U (Ueff  = 4.5 eV), as a function 
of atomic displacements for: a) A1g

1, b) Eg
2, c) Eg

3, and d) A1g
2 modes. The insets show the eigenvectors of the corresponding phonon modes.
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monolayer CrCl3, when Ueff = 0, the calculated |JNN| (≈1.66 meV) 
is close to the value of 1.79 meV obtained in previous works.[26] 
For monolayer CrI3, the calculated |JNN| without considering U 
is 2.97  meV, which is also comparable to previously reported 
values[26] (2.71  meV). Similar to monolayer CrBr3, the |JNN| 
values of both monolayer CrCl3 and CrI3 are proportional to 
Ueff, which indicates that Tc increases with Ueff. The predicted 
Tc values for monolayer CrCl3 and CrI3 are 14.0–19.7  and  
34.2–52.4 K, respectively, which match well with experimentally 
obtained values[2,15b] of 17  and 45  K, respectively. Additionally, 
the SPC induced phonon shifts are also calculated for both 
monolayer CrCl3 and CrI3, with values of Ueff ranging from 
0 to 6 eV, as shown in Figure 5c,d. Similar to monolayer CrBr3, 
SPC-induced shifting of the A1g

1 mode in monolayer CrCl3 and 
CrI3 increase with Ueff, but this has the opposite effect on the 
Eg

2, Eg
3, and A1g

2 modes. When Ueff > 2.0 eV, all of the phonon 
frequencies are blueshifted, which indicates that SPC is highly 
correlated with the atomic displacement of each mode. Due to 
the congruency between the lattice structures of CrBr3, CrCl3, 
and CrI3, the same phonon vibration modes in these three dif-
ferent monolayers would have similar atomic displacements. 
Moreover, magnetic exchange interactions play a key role in 
SPC. For example, at Ueff = 4.5 eV, the calculated SPC-induced 
shift of monolayer CrI3 is around 1.0 cm−1, which is higher than 
that of monolayer CrBr3 (around 0.5 cm−1) and CrCl3 (average 
value of 0.3  cm−1). This is a result of the higher JNN of mon-
olayer CrI3 as compared to that of monolayer CrBr3 and CrCl3, 
as shown in Table 1 and Figure 5b.

3. Conclusion

Raman spectroscopy and first-principle calculations have been 
jointly utilized to study phonon properties, critical tempera-
tures, and magnetic exchange interactions of ferromagnetic 
monolayer CrBr3. First, the Raman active modes were identified 
with polarization Raman spectroscopy. A ferromagnetic transi-
tion was observed at Tc ≈ 25 K based on phonon shifts, which is 
confirmed by calculating the nearest Heisenberg exchange para-
meter JNN. Then, the SPC effect was systematically explored by 
using DFT and the finite-displacement approach to quantify the 
phonon blueshifts, which agrees with the experimental results. 
Specifically, the atomic-displacement-dependent JNN can explain 
why the phonon frequency is blueshifted below Tc. We conclude 
that SPC is mainly caused by the changes in the exchange inter-
actions, as the atoms oscillate about their equilibrium positions. 
Moreover, understanding the role of SPC effects in monolayer 
CrBr3 paves the way to the design of 2D magnets, their hetero-
structures, and improving Tc, a critical design parameter.

4. Experimental Section
Sample Preparation: Bulk CrBr3 was purchased from HQ Graphene. 

Before exfoliation, the Si/SiO2 substrate was treated by ultrasonic 
cleaning for 10 min in acetone, isopropyl alcohol, and deionized water, 
and then treated by oxygen ashing. The mechanical exfoliation and 
atomic force microscopy measurements of the flakes were performed in 
a glovebox to prevent oxidation.

Adv. Mater. 2022, 34, 2108506

Figure 5.  Calculated SPC-induced phonon shifts in monolayer a) CrBr3 with various number of Effective Hubbard − U. One set of experimental values 
is included for comparison. b) Calculated Tc (orange dots and squares) and JNN (cyan dots and squares) of CrCl3 (squares) and CrI3 (dots). The dashed 
lines show the experimental values of Tc for monolayer CrCl3 and CrI3. c,d) The calculated SPC-induced phonon shifts in monolayer CrCl3 (c) and CrI3 
(d), for values of U. The error bars represent the calculations’ convergence accuracy.
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Raman Spectroscopy: A Jobin–Yvon HR800  system with a liquid 
nitrogen cooled charge-coupled detector was used to perform the 
Raman measurements with a back-scattering geometry. The excitation 
wavelength of 753 nm was from a titanium sapphire laser, and 594 nm 
was from a He–Ne laser. To achieve high spectral resolution (0.35 cm−1), 
a grating with a groove density of 1800 mm−1 was used. A 100× objective 
lens with a high numerical aperture (NA = 0.9) was used to ensure a high 
signal-to-noise ratio. The laser power was kept low enough (<50 μW) to 
avoid sample heating. The sample was kept in a helium-cooled cryogenic 
station (Montana Instruments) while tuning the temperature between 
4 and 300 K at a vacuum of 101 mbar.

Density Functional Theory Calculations: Spin-polarized density 
functional calculations were performed using the Vienna ab initio 
simulation package with projector augmented wave pseudopotentials.[28] 
A 450 eV energy cutoff was used for the plane wave basis set. K-points 
were sampled on a 13  ×  13  ×  1  mesh generated by the scheme of 
Monkhorst–Pack in the Brillouin zone. A larger than 16-Angstrom vacuum 
buffer was introduced between layers to avoid interlayer interactions. 
For obtaining the structure of monolayer CrBr3, we fully optimized the 
lattice constant, and within unit cells, the atomic positions were relaxed 
until the change in free energy dropped below 10−7 eV between two ionic 
steps. Tetrahedron method with Blöch corrections were used for total 
energy calculations. In all total energy calculations, the relaxation of the 
electronic degrees of freedom would be stopped if the free energy change 
and the band structure energy change between two steps were smaller 
than 10−8  eV. It was found that the electronic structures of Cr-trihalide 
were extremely sensitive to the exchange-correlation functional. It was 
also found, in DFT calculations, that the local-density approximation 
identified an antiferromagnetic phase as the ground state, which was 
contradictory to the experimental observations. On the other hand, the 
results using the GGA Perdew–Burke–Ernzerhof (GGA-PBE) agreed 
well with the experiment.[29] An accurate energy difference between the 
ferromagnetic and antiferromagnetic phases was crucial for the analysis 
of the SPC effect. Therefore, we only focused on the results from PBE 
calculations in this work. Furthermore, since pure GGA cannot correctly 
describe the electronic structure of strongly correlated systems, they 
also introduced the GGA+U[30] method in order to deal with the strong 
Coulomb repulsion of Cr 3d electrons. The rotationally invariant form 
of GGA+U[30] was applied in all total energy and phonon calculations. 
Effective Hubbard-U values, Ueff  = U − J were used.
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