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Fe3GeTe2 has emerged as one of the most fascinating van der Waals crystals due to its 
two-dimensional (2D) itinerant ferromagnetism, topological nodal lines and Kondo lattice 
behavior. However, lattice dynamics, chirality of phonons and spin-phonon coupling in this 
material, which set the foundation for these exotic phenomena, have remained unexplored. 
Here we report the first experimental investigation of the phonons and mutual interactions 
between spin and lattice degrees of freedom in few-layer Fe3GeTe2. Our results elucidate 
three prominent Raman modes at room temperature: two A1g(Γ) and one E2g(Γ) phonons. 
The doubly degenerate E2g(Γ) mode reverses the helicity of incident photon, indicating the 
pseudo-angular momentum and chirality. Through analysis of temperature-dependent 
phonon energies and lifetimes, which strongly diverge from the anharmonic model below 
Curie temperature, we determine the spin-phonon coupling in Fe3GeTe2. Such interaction 
between lattice oscillations and spin significantly enhances the Raman susceptibility, 



allowing us to observe two additional Raman modes at the cryogenic temperature range. In 
addition, we reveal laser radiation induced degradation of Fe3GeTe2 in ambient conditions 
and the corresponding Raman fingerprint. Our results provide the first experimental 
analysis of phonons in this novel 2D itinerant ferromagnet and their applicability for further 
fundamental studies and application development. 
 
1. Introduction 
Two-dimensional (2D) intrinsic magnetism lies at the heart of both fundamental science and 
technical applications, such as magneto-electrics, topological magnons, electrical control of spin 
and ultracompact spintronics.[1-15] In 2017, 2D ferromagnetic order was first demonstrated in 
CrI3[16] and Cr2Ge2Te6,[17] breaking the long-established Mermin-Wagner theorem.[18] Motivated 
by the discovery of 2D ferromagnetism in these insulating chromium compounds, 2D itinerant 
ferromagnetic order was recently uncovered in Fe3GeTe2,[19, 20] offering an unprecedented platform 
for manipulation of both spin and charge degrees of freedom in the monolayer limit. Moreover, 
the ferromagnetic transition temperature (Tc) of pristine Fe3GeTe2 is relatively high (~ 200 K),[21-24] 
and can be tuned to room temperature by electron doping as a result of changes in its electronic 
structure.[19] In addition to the fascinating 2D itinerant ferromagnetism, Fe3GeTe2 exhibits a wide 
range of interesting physical phenomena, such as topological nodal lines,[25] tunneling spin-valve 
behavior,[26] heavy fermion states,[27] manipulable magnetic domains[28, 29] and strong electron 
correlation effects.[30] To fully understand these novel phenomena and explore new spin physics, it 
is critical to investigate the lattice dynamics and mutual coupling between magnetism and energy 
quanta of lattice oscillations in itinerant ferromagnetic Fe3GeTe2.[31-43] In addition, because of the 
hexagonal honeycomb structure and threefold rotational symmetry of Fe3GeTe2,[25] phonons at the 
high-symmetry points of Brillouin-zone are expected to possess circular polarization and 
chirality.[44-47] Therefore, determining the chiral phonons in Fe3GeTe2 is highly desirable and 
potentially important for novel phenomena, such as phonon Hall effect[48] and topological 
states.[49] 

In this work, we study the lattice dynamics, chirality of phonons and spin-phonon coupling in 
Fe3GeTe2 via systematic Raman measurements. Two A1g(Γ) and one E2g(Γ) phonons are observed 
at room temperature. Our results show that the doubly degenerate E2g(Γ) mode switches the 



helicity of incident photons and thus is related to the chiral phonon in Fe3GeTe2. Moreover, we 
confirm the spin-phonon coupling effects via a combined analysis of the anomalous phonon 
energies and linewidths below Tc. Such coupling between lattice vibrations and magnetism 
strongly enhances the Raman susceptibility in Fe3GeTe2. In addition, two new phonon modes 
associated with the degradation of Fe3GeTe2 are uncovered, which could potentially be used as a 
simple and fast characterization method to determine the quality of Fe3GeTe2 flakes. 
 
2. Results and Discussions 
Selection rules for Raman processes in Fe3GeTe2. Fe3GeTe2 crystallizes in a hexagonal structure 
and belongs to the D4 6h point group (space group P63/mmc, No. 194, Figures 1a-1c).[22, 25] 
According to group theory, the symmetries of Raman active modes and the corresponding Raman 
tensors (R) are described as follows:[50] 
𝐴1𝑔 : 

𝑎 0 0
0 𝑎 0
0 0 𝑏

 ;       𝐸1𝑔 :  
0 0 0
0 0 𝑐
0 𝑐 0

    
0 0 −𝑐
0 0 0
−𝑐 0 0

 ;      𝐸2𝑔 :  
0 𝑑 0
𝑑 0 0
0 0 0

   
𝑑 0 0
0 −𝑑 0
0 0 0

 . 
Note that E1g and E2g modes are doubly degenerate. For the non-resonant Raman scattering 
intensity of a Raman-active mode in a crystal, it can be calculated within the Placzek 
approximation and expressed by the Raman tensor as:[50] 
                               𝐼 ∝  |𝑒𝑖 · 𝑅 · 𝑒𝑠  |2                         (1) 
where ei and es are polarization vectors of the incident and scattered light, respectively. In the 
back-scattering configuration, ei and es are within the xy plane. Using the tabulated Raman tensors 
and Eq. (1), we can determine the selection rules and Raman intensities for various scattering 
geometries (see Supporting Information for more details). Table 1 summarizes the Raman 
response in the back-scattering geometry for four polarization configurations. It shows that A1g(Γ) 
and E2g(Γ) are Raman active but possess distinct selection rules, while E1g(Γ) mode is normally 
forbidden. 

Lattice dynamics in Fe3GeTe2. Having identified the selection rules, we focus on Raman 
spectra to study the lattice dynamics of Fe3GeTe2. Few-layer samples were mechanically 
exfoliated from bulk crystals onto SiO2/silicon substrates (see Experimental Section for more 
details). Since laser irradiation may lead to the degradation (as discussed in detail below), we 
covered a thin-layer boron nitride (h-BN) on the Fe3GeTe2 flake before Raman measurements 



using the dry transfer method in an inert atmosphere. Figure 1d presents the optical microscope 
image of an exfoliated few-layer Fe3GeTe2 flake covered by h-BN. The corresponding topography 
from atomic force microscopy (AFM) is shown in Figure 1e. The height profiles (Figure 1f) 
indicate that the thickness of Fe3GeTe2 (h-BN) is 12.8 (21.3) nm. We performed Raman 
measurements of Fe3GeTe2 flakes with difference thicknesses. The results indicate that the 
12.8-nm thick Fe3GeTe2 sample has a relatively strong Raman response and its spectral peak at 
120 cm-1 can be well distinguished from the peak at 155 cm-1 (Figure S2 in Supporting 
Information). We therefore focus our study on the 12.8 nm thick Fe3GeTe2 sample. 

Figure 1g shows the Raman spectra at room temperature excited by two laser sources at the 
same condition: 2.33 eV (black) and 1.96 eV (red). Two peaks are clearly resolved at ~ 120 and ~ 
155 cm-1, respectively. Since phonons (especially for the mode at ~ 120 cm-1) have stronger 
response under 2.33 eV excitation than that at 1.96 eV excitation, all subsequent Raman 
measurements, unless specified, were performed under 2.33 eV radiation. Figure 1h presents the 
Raman spectra excited by linearly polarized light and collected in co-polarized (linearly parallel, 
black) or cross-polarized (linearly perpendicular, red) geometry. The phonon at ~ 120 cm-1 can 
only be observed when the scattered light is parallel to the incident light. We thus deduce that the 
symmetry of this phonon belongs to A1g(Γ) due to the selection rule (Table 1). In contrast, the peak 
at ~ 155 cm-1 can be detected simultaneously in both co-polarized and cross-polarized polarization 
configurations. Therefore, it should possess a component of E2g(Γ). Note that the peak intensity at 
~ 155 cm-1 under co-polarized configuration is much stronger than that under cross-polarized 
configuration (Figure 1h). This excludes the possibility that the 155 cm-1 peak is composed of only 
the E2g(Γ) vibration, according to the selection rule in Table 1. We speculate that the 155 cm-1 peak 
possesses not only the E2g(Γ) mode but also the A1g(Γ) phonon. To confirm this hypothesis, we 
performed helicity-resolved Raman spectra (Figure 1i), which are typically used to assign and 
resolve the symmetries and chirality of Raman bands.[46, 51-53] Figure 1i shows that the phonon at ~ 
120 cm-1 appears only in co-circularly polarized geometry (+ in + out), further indicating that 
the symmetry can be unequivocally assigned to A1g(Γ). In marked contrast, the mode at ~ 155 cm-1 
can be observed in both co- and cross-circularly (+ in - out) polarized configurations, revealing 
that both A1g(Γ) and E2g(Γ) are indeed located at ~ 155 cm-1. 

Phonon chirality in Fe3GeTe2. Strikingly, the helicity of incident photons is completely 



reversed in the Raman process involving the doubly degenerate E2g(Γ) phonons. This phenomenon 
can be understood as the chirality and pseudo-angular momentum (PAM) of the E2g(Γ) modes.[46, 
47] Although each single phonon at Brillouin-zone center (Γ) does not have the intrinsic chirality, 
we can obtain the chiral phonons via superposing the doubly degenerate E2g(Γ) modes.[47] Due to 
the threefold rotational symmetry, chiral phonons could possess PAM, which consists of two 
contributions: spin PAM (ls) and orbital PAM (lo). For the doubly degenerate E2g(Γ) chiral 

phonons, the lo is zero and the total PAM is thus equal to ls (i.e., 1 or -1). Under the first-order 
Stokes Raman scattering, the PAM is conserved with optical selection rule of △lphoton = ls +3N, 
where △lphoton is the change of photon angular momentum[47] and 3N denotes the azimuthal 
quantum number of crystal lattice.[54, 55] Therefore, in our experiments, the incident left-circularly 
polarized photon (+) emits a right-handed phonon (ls = -1), and then scatters into the 
right-circularly polarized photon (-) (inset in Figure 1i). 

Strong spin-phonon coupling in Fe3GeTe2. After the identification of the lattice dynamics 
and phonon chirality via polarization-resolved Raman study, we perform temperature-dependent 
measurements to investigate the spin-phonon coupling, which plays a critical role for many 
physical phenomena, such as spin-Peierls transition, phonon Hall effect and spin-Seebeck 
effect.[33-35, 48] Since A1g(Γ) at higher energy and E2g(Γ) are almost degenerate at ~ 155 cm-1 and 
possess very large linewidths (~ 30 cm-1) (Figure S1 and Table S2 in Supporting Information), we 
focus on the 120 cm-1 A1g(Γ) mode to study the spin effects. The temperature-driven evolution of 
phonon frequencies (ω) and linewidths (Γ) for the A1g(Γ) mode at ~ 120 cm-1 are presented in 
Figures 2b and 2d, respectively. Assuming that the system has no spin-phonon coupling, 
temperature dependent self-energy for the phonon Green’s function can be understood as a result 
of symmetric anharmonic decay, i.e., decay into a pair of acoustic modes with identical 
frequencies and opposite momenta.[56, 57] The expressions for the frequencies (real part of 
self-energy) and linewidths (imaginary part of self-energy) can be described in terms of the 
anharmonic model: 

               ωanh  T = ω0 − A  1 +
2

(𝑒

ℏ𝜔0
2𝑘𝐵𝑇   )−1

 ,                     (2) 

                    Γanh  T = Γ0 + B  1 +
2

(𝑒

ℏ𝜔0
2𝑘𝐵𝑇  

 
)−1

 ,                    (3) 



where ω0 is the bare phonon frequency, Γ0 denotes the absolute zero-temperature linewidth 
originating from imperfections or electron-phonon coupling, kB is the Boltzmann constant, A and 
B are positive adjustable parameters. As shown in Figure 2b, ω(T) dependence diverges from the 
standard anharmonic model (red line) and exhibits an anomalous softening at low temperatures. 
Figure 2c shows the Raman frequency deviation from the anharmonic model △ω(T), defined as 
△ω(T) = ω(T) – ωanh(T). It shows that the phonon softens quickly below 140 K. Such pronounced 
softening can be ascribed to spin-phonon coupling caused by the modulation of the 
super-exchange integral by lattice vibrations.[58-65] From the onset of spin-phonon coupling, the Tc 
of this 12.8 nm thick Fe3GeTe2 sample is ~ 140 K, in good agreement with the anomalous Hall 
effect measurements (Figure S4 in Supporting Information). In a nearest-neighbor approximation, 
△ω(T) stemmed from the spin-phonon coupling is given as △ω T = 𝜆 𝑺𝑖 · 𝑺𝑗  , where λ 
represents the strength of the spin-phonon coupling, and  𝑺𝑖 · 𝑺𝑗   denotes the spin-spin 
correlation function of adjacent spins.[35, 65, 66] For Fe3GeTe2, the saturation moment is about 1.625 
μB/Fe at 0 K and the corresponding  𝑺𝑖 · 𝑺𝑗   is ~ 0.66.[22] Considering △ω(T) ≈ 0.9 cm-1 at 30 K, 
λ can be determined as ~ 1.36 cm-1, which is in the same order of magnitude with other 2D magnet, 
such as Cr2Ge2Te6.[35] The mutual interactions between spins and phonons are further confirmed 
via the lifetime of phonons. As illustrated in Figure 2d, the anharmonic model (red line) fails to 
describe the Γ(T) for temperatures below 180 K, which almost becomes a plateau. Figure 2e 
shows the deviation of linewidths from the anharmonic model △Γ(T) = Γ(T) – Γanh(T), which 
increases significantly below 180 K. This indicates that in addition to the anharmonic component, 
a new relaxation mechanism caused by the spin-phonon coupling has emerged.[37, 67] Strikingly, 
the temperature, at which the spin-phonon coupling takes effect on the lifetime of phonons, is 
higher than the Tc. This is due to that spin correlations have occurred before the ferromagnetic 
transition, leading to the magnetic scattering and enhanced linewidths.[37] 

Enhanced optical nonlinearity with spin-phonon coupling. Further, we observed two new 
phonon modes around 240 cm-1 at cryogenic temperature range (labeled as p1 and p2 in Figure 2a). 
It is worth noting that the responses of the two modes are weak and their symmetries cannot be 
determined by polarization-resolved Raman. To elaborate their physical origin, we derive the 
Raman scattering susceptibility χ''(ω) from the raw Raman spectra I(ω) in Figure 2a using the 
following relation:[67, 68] 



                            χ′′(ω) =
𝐼(ω)

1 + 
1

(e

ℏ𝜔
𝑘𝐵𝑇   )−1

                      (4) 

Figure 3a presents the temperature dependent χ''(ω) (the temperatures of the curves are 
consistent with that in the same colour in Figure 2a). The χ''(ω) increases dramatically at low 
temperature. Figures 3b and 3c show the temperature-driven evolution of integrated χ''(ω) for the 
120 cm-1 A1g mode (Figure 3b) and 240 cm-1 p2 phonon (Figure 3c). χ''(ω) is virtually 
temperature-independent above 140 K and increases dramatically below 140 K. The significantly 
enhanced χ''(ω) below 140 K can be understood as a result of spin-phonon coupling, which gives 
rise to an increase of Raman polarizability tensor via the variation of electron hopping amplitude 
with phonons and non-diagonal exchange energy between the magnetic Fe ions.[59, 69, 70] Due to the 
strongly enhanced χ''(ω) below Tc, we could observe the phonon modes around 240 cm-1. 

Raman fingerprints of degradation in Fe3GeTe2. Finally, we study the stability of the 2D 
layered Fe3GeTe2, which could potentially be used to benchmark sample qualities. Figure 4a 
shows the AFM topography of another freshly exfoliated Fe3GeTe2 flake with thickness of 10.5 
nm. The corresponding phase image is presented in Figure 4b. Note that this Fe3GeTe2 flake is not 
covered by h-BN. Interestingly, we found that 2D itinerant ferromagnet Fe3GeTe2 is relatively 
stable under atmospheric conditions, in marked contrast to other recently discovered 2D 
ferromagnetic order in CrI3 or Cr2Ge2Te6 which can hardly exist in the atmosphere.[16, 17, 71] This 
presents an advantage of Fe3GeTe2 over these 2D ferromagnetic orders for further fundamental 
studies and application development. However, we note that laser radiation can induce 
degradation in unprotected Fe3GeTe2. Figures 4c and 4d show the AFM height and phase images 
of Fe3GeTe2 after a series of Raman measurements, indicating the damage for the irradiated part of 
the sample (dotted red circle). Figure 4e presents a series of Raman spectra measured continuously 
(see Supporting Information for more details). As the number of Raman measurements increases, 
phonon modes associated with Fe3GeTe2 (black dotted lines) disappear gradually. At the same 
time, we could observe two new Raman vibrations, illustrated by the red lines in Figure 4e and 
located at ~ 122 cm-1 and ~ 140 cm-1, respectively. Although the assignment of such two new 
peaks deserves further investigation, the two new phonons associated with the degradation of 
Fe3GeTe2 provide us a simple and rapid characterization route to determine the quality of the 
Fe3GeTe2 flake. 



 
3. Conclusions 

In conclusion, we uncover, for the first time, the lattice dynamics and the chirality of Raman 
active modes in Fe3GeTe2 via linear polarization- and helicity-resolved Raman scattering 
measurements. Two A1g(Γ) and one E2g(Γ) phonons are observed at room temperature. The doubly 
degenerate E2g(Γ) mode switches the helicity of incident photon and thus possesses chirality. 
Moreover, our measurements reveal the spin-phonon coupling in Fe3GeTe2 through the anomalous 
softening of phonon energies and plateau of linewidths below Tc. Such coupling between spin and 
lattice degrees of freedom gives rise to the significantly enhanced Raman scattering susceptibility, 
activating new Raman modes at low temperatures. Finally, we identify the Raman fingerprints 
associated with the degradation of Fe3GeTe2. Our results provide a firm basis for a cornucopia of 
peculiar physical phenomena and will prove important in the engineering of spintronic devices. 
 
4. Experimental Section 
Fe3GeTe2 exfoliation. We adopted a developed scratching scotch tape method to obtain the 
isolated Fe3GeTe2 flakes from the bulk materials (HQ Graphene).[72] First, polydimethylsiloxane 
(PDMS) was used to cleave isolated Fe3GeTe2 flakes from bulk crystals with the aid of scotch tape. 
The thickness of the Fe3GeTe2 layers was identified by optical image and further confirmed by 
atomic force microscopy. Then, the exfoliated few-layer Fe3GeTe2 flakes on PDMS were 
transferred onto a SiO2 substrate through our home-made transfer station in a glove box with N2 
atmosphere. By moving the SiO2/Si substrate and PDMS in opposite directions, the isolated 
Fe3GeTe2 flakes on PDMS could be successfully transferred onto SiO2/Si substrate. Before 
transfer, the SiO2/Si substrate was ultrasonically cleaned in acetone, 2-propanol, and deionized 
(DI) water, and then subjected to oxygen plasma to remove ambient adsorbates on its surface. 
Next, the Fe3GeTe2 flake was encapsulated by hBN immediately in order to protect Fe3GeTe2 
oxidization. 
Raman measurements. Raman spectra were acquired using a micro-Raman spectrometer (Horiba 
LabRAM HR Evolution) in a confocal backscattering configuration (confocal pinhole of 200 μm). 

Light from a 532-nm (room temperature) or 633-nm (low temperature) laser was focused down to 
a 1 μm spot. The laser power on the sample during Raman measurement was kept below 150 μW 



in order to avoid sample damage and excessive heating. The integration time is 90 s. 
For linear polarization- and helicity-resolved Raman spectra at room temperature, the 

backscattered signal was collected by an Olympus 100× objective (N.A. = 0.95) and dispersed by 
a 1800-g/mm grating to achieve Raman spectral resolution better than 1 cm-1. An initial polarizer 
sets the linear polarization of the incident light, and a polarizer before the detector controls the 
polarization of the measured light. For the linear polarization configurations, a half-wave plate in 
the path of the outgoing light controls which linear polarization is detected. For the 
helicity-resolved Raman measurement, the excitation laser was first guided through a vertical 
linear polarizer followed by a quarter-wave plate to achieve σ+ circular polarization. The circular 
polarization of the excitation light was confirmed at the sample position. The backscattered 
Raman signal going through the same quarter-wave plate was collected and analyzed with a 
half-wave plate and a linear polarizer. 
AFM characterizations. The AFM images were performed by tapping mode AFM (Asylum 
Research Cypher S) with AC160TS tip at room temperature under ambient condition. 
Scanning transmission electron microscopy (STEM) characterization. The Fe3GeTe2 thin 
flake was first encapsulated in few layer graphene on SiO2 substrate and transferred onto Cu foil 
by wet method assisted by PMMA and HF solution. The atomic-resolution STEM 
characterizations were acquired from an aberration-corrected JEOL ARM300F transmission 
electron microscope which was operated at 80 kV with convergence angle at 18 mrad and 
collection angles at 54~220 mrad. 
 
Acknowledgements 
The authors thanks the financial supports from Business Finland (A-Photonics), Academy of 
Finland (grants: 276376, 284548, 286920, 295777, 298297,304666, 312297, 312551, 314810), 
Academy of Finland Flagship Programme (320167, PREIN), the European Union’s Horizon 2020 
research and innovation programme (820423,S2QUIP), NSFC (grants:11834017 and 61888102), 
the Strategic Priority Research Program of CAS (grant: XDB30000000), the Key Research 
Program of Frontier Sciences of CAS (grant:QYZDB-SSW-SLH004), the National Key R&D 
program (grant: 2016YFA0300904). Growth of hexagonal boron nitride crystals was supported by 
the Elemental Strategy Initiative conducted by the MEXT, Japan and the CREST (JPMJCR15F3), 



JST. 
 
Author contributions 
L.D. and Z.S. designed and supervised the research; L.D. performed the Raman measurements and 
data analysis; J.T. prepared the samples and performed the AFM characterizations; X.L. and X.B. 
performed the STEM characterizations; X.W and G.Y performed the anomalous Hall effect 
measurements; K.W. and T.T. provided the h-BN samples; Y.Z., R.Y., X.H., X.B., D.S., G.Y. and 
G. Z. helped analyzed data; L.D., T.H., G.Z. and Z.S. wrote, and all authors commented on the 
manuscript. 
 
REFERENCES 
[1] G. A. Prinz, Science 1998, 282, 1660-1663. 
[2] K. S. Burch, D. Mandrus, J.-G. Park, Nature 2018, 563, 47. 
[3] B. Huang, G. Clark, D. R. Klein, D. MacNeill, E. Navarro-Moratalla, K. L. Seyler, N. Wilson, 
M. A. McGuire, D. H. Cobden, D. Xiao, X. Xu, Nat. Nanotechnol. 2018, 13, 544. 
[4] S. Jiang, J. Shan, K. F. Mak, Nat. Mater. 2018, 17, 406-410. 
[5] T. Song, X. Cai, M. W.-Y. Tu, X. Zhang, B. Huang, N. P. Wilson, K. L. Seyler, L. Zhu, T. 
Taniguchi, K. Watanabe, Science 2018, 360, 1214-1218. 
[6] D. R. Klein, D. MacNeill, J. L. Lado, D. Soriano, E. Navarro-Moratalla, K. Watanabe, T. 
Taniguchi, S. Manni, P. Canfield, J. Fernández -Rossier, Science 2018, 360, 1218-1222. 
[7] Z. Wang, I. Gutiérrez -Lezama, N. Ubrig, M. Kroner, M. Gibertini, T. Taniguchi, K. Watanabe, 
A. Imamoğlu, E. Giannini, A. F. Morpurgo, Nat. Commun. 2018, 9, 2516. 
[8] J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim, C.-H. Park, J.-G. Park, H. Cheong, 
Nano Lett. 2016, 16, 7433-7438. 
[9] W. Jin, H. H. Kim, Z. Ye, S. Li, P. Rezaie, F. Diaz, S. Siddiq, E. Wauer, B. Yang, C. Li, Nat. 
Commun. 2018, 9, 5122. 
[10] K. L. Seyler, D. Zhong, D. R. Klein, S. Gao, X. Zhang, B. Huang, E. Navarro-Moratalla, L. 
Yang, D. H. Cobden, M. A. McGuire, Nat. Phys. 2018, 14, 277. 
[11] D. Zhong, K. L. Seyler, X. Linpeng, R. Cheng, N. Sivadas, B. Huang, E. Schmidgall, T. 
Taniguchi, K. Watanabe, M. A. McGuire, Sci. Adv. 2017, 3, e1603113. 



[12] C. Gong, X. Zhang, Science 2019, 363, eaav4450.  
[13] K. S. Burch, Nat. Nanotechnol. 2018, 13, 532. 
[14] Z. Zhang, J. Shang, C. Jiang, A. Rasmita, W. Gao, T. Yu, Nano Lett. 2019, 19, 3138-3142.  
[15] M. Gibertini, M. Koperski, A. F. Morpurgo, K. S. Novoselov, Nat. Nanotechnol. 2019, 14, 
408. 
[16] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R. Cheng, K. L. Seyler, D. Zhong, E. 
Schmidgall, M. A. McGuire, D. H. Cobden, Nature 2017, 546, 270-273. 
[17] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao, C. Wang, Y. Wang, Nature 2017, 
546, 265. 
[18] N. D. Mermin, H. Wagner, Phys. Rev. Lett. 1966, 17, 1133. 
[19] Y. Deng, Y. Yu, Y. Song, J. Zhang, N. Z. Wang, Z. Sun, Y. Yi, Y. Z. Wu, S. Wu, J. Zhu, Nature 
2018, 563, 94. 
[20] Z. Fei, B. Huang, P. Malinowski, W. Wang, T. Song, J. Sanchez, W. Yao, D. Xiao, X. Zhu, A. 
F. May, Nat. Mater. 2018, 17, 778. 
[21] H. J. Deiseroth, K. Aleksandrov, C. Reiner, L. Kienle, R. K. Kremer, Eur. J. Inorg. Chem. 
2006, 2006, 1561-1567. 
[22] B. Chen, J. Yang, H. Wang, M. Imai, H. Ohta, C. Michioka, K. Yoshimura, M. Fang, J. Phys. 
Soc. Jpn. 2013, 82, 124711. 
[23] J. Yi, H. Zhuang, Q. Zou, Z. Wu, G. Cao, S. Tang, S. Calder, P. Kent, D. Mandrus, Z. Gai, 2D 
Mater. 2016, 4, 011005. 
[24] Y. Liu, E. Stavitski, K. Attenkofer, C. Petrovic, Phys. Rev. B 2018, 97, 165415. 
[25] K. Kim, J. Seo, E. Lee, K.-T. Ko, B. Kim, B. G. Jang, J. M. Ok, J. Lee, Y. J. Jo, W. Kang, Nat. 
Mater. 2018, 17, 794. 
[26] Z. Wang, D. Sapkota, T. Taniguchi, K. Watanabe, D. Mandrus, A. F. Morpurgo, Nano Lett. 
2018, 18, 4303-4308. 
[27] Y. Zhang, H. Lu, X. Zhu, S. Tan, W. Feng, Q. Liu, W. Zhang, Q. Chen, Y. Liu, X. Luo, Sci. 
Adv. 2018, 4, eaao6791. 
[28] Q. Li, M. Yang, C. Gong, R. V. Chopdekar, A. T. N’Diaye, J. Turner, G. Chen, A. Scholl, P. 
Shafer, E. Arenholz, Nano Lett. 2018, 18, 5974-5980. 
[29] G. D. Nguyen, J. Lee, T. Berlijn, Q. Zou, S. M. Hus, J. Park, Z. Gai, C. Lee, A.-P. Li, Phys. 



Rev. B 2018, 97, 014425. 
[30] J.-X. Zhu, M. Janoschek, D. Chaves, J. Cezar, T. Durakiewicz, F. Ronning, Y. Sassa, M. 
Mansson, B. Scott, N. Wakeham, Phys. Rev. B 2016, 93, 144404. 
[31] K.-i. Uchida, H. Adachi, T. An, T. Ota, M. Toda, B. Hillebrands, S. Maekawa, E. Saitoh, Nat. 
Mater. 2011, 10, 737. 
[32] X. Wang, K. Du, Y. Y. F. Liu, P. Hu, J. Zhang, Q. Zhang, M. H. S. Owen, X. Lu, C. K. Gan, P. 
Sengupta, 2D Mater. 2016, 3, 031009. 
[33] M. Braden, B. Hennion, W. Reichardt, G. Dhalenne, A. Revcolevschi, Phys. Rev. Lett. 1998, 
80, 3634. 
[34] C. Jaworski, J. Yang, S. Mack, D. Awschalom, R. Myers, J. Heremans, Phys. Rev. Lett. 2011, 
106, 186601. 
[35] Y. Tian, M. J. Gray, H. Ji, R. Cava, K. S. Burch, 2D Mater. 2016, 3, 025035. 
[36] O. Tchernyshyov, R. Moessner, S. Sondhi, Phys. Rev. B 2002, 66, 064403. 
[37] L. J. Sandilands, Y. Tian, K. W. Plumb, Y.-J. Kim, K. S. Burch, Phys. Rev. Lett. 2015, 114, 
147201. 
[38] L. Du, Y. Huang, Y. Wang, Q. Wang, R. Yang, J. Tang, M. Liao, D. Shi, Y. Shi, X. Zhou, 2D 
Mater. 2018, 6, 015014. 
[39] A. Milosavljević, A. Šolajić, J. Pešić, Y. Liu, C. Petrovic, N. Lazarević, Z. Popović, Phys. Rev. 
B 2018, 98, 104306. 
[40] M. A. McGuire, G. Clark, K. Santosh, W. M. Chance, G. E. Jellison Jr, V. R. Cooper, X. Xu, 
B. C. Sales, Phys. Rev. Mater. 2017, 1, 014001. 
[41] L. Zhang, J. Ren, J.-S. Wang, B. Li, Phys. Rev. Lett. 2010, 105, 225901. 
[42] S. Kolkowitz, A. C. B. Jayich, Q. Unterreithmeier, S. D. Bennett, P. Rabl, J. Harris, M. D. 
Lukin, Science 2012, 335, 1603. 
[43] L. Webster, L. Liang, J.-A. Yan, Phys. Chem. Chem.l Phys. 2018, 20, 23546-23555.  
[44] L. Zhang, Q. Niu, Phys. Rev. Lett. 2015, 115, 115502. 
[45] H. Zhu, J. Yi, M.-Y. Li, J. Xiao, L. Zhang, C.-W. Yang, R. A. Kaindl, L.-J. Li, Y. Wang, X. 
Zhang, Science 2018, 359, 579-582. 
[46] S.-Y. Chen, C. Zheng, M. S. Fuhrer, J. Yan, Nano Lett. 2015, 15, 2526-2532. 
[47] H. Chen, W. Zhang, Q. Niu, L. Zhang, 2D Mater. 2018, 6, 012002. 



[48] C. Strohm, G. L. J. A. Rikken, P. Wyder, Phys. Rev. Lett. 2005, 9, 155901.  
[49] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. Esslinger, Nature 
2014, 515, 237. 
[50] R. Loudon, Adv. Phys. 2001, 50, 813-864. 
[51] H.-H. Kung, R. Baumbach, E. Bauer, V. Thorsmølle, W. -L. Zhang, K. Haule, J. Mydosh, G. 
Blumberg, Science 2015, 347, 1339. 
[52] S. G. Drapcho, J. Kim, X. Hong, C. Jin, S. Shi, S. Tongay, J. Wu, F. Wang, Phys. Rev. B 2017, 
95, 165417. 
[53] Y. Tatsumi, R. Saito, Phys. Rev. B 2018, 97, 115407. 
[54] J. Xiao, Z. Ye, Y. Wang, H. Zhu, Y. Wang, X. Zhang, Light Sci. Appl. 2015, 4, e366. 
[55] K. F. Mak, D. Xiao, J. Shan, Nat. Photonics 2018, 12, 451. 
[56] P. G. Klemens, Phys. Rev. 1966, 148, 845-848. 
[57] M. Balkanski, R. F. Wallis, E. Haro, Phys. Rev. B 1983, 28, 1928-1934. 
[58] E. Granado, A. Garcia, J. Sanjurjo, C. Rettori, I. Torriani, F. Prado, R. Sánchez, A. Caneiro, S. 
Oseroff, Phys. Rev. B 1999, 60, 11879. 
[59] J. Laverdiere, S. Jandl, A. Mukhin, V. Y. Ivanov, V. Ivanov, M. Iliev, Phys. Rev. B 2006, 73, 
214301. 
[60] M. Iliev, H. Guo, A. Gupta, Appl. Phys. Lett. 2007, 90, 151914. 
[61] M. Iliev, M. Abrashev, A. Litvinchuk, V. Hadjiev, H. Guo, A. Gupta, Phys. Rev. B 2007, 75, 
104118. 
[62] S. Elsässer, J. Geurts, A. Mukhin, A. Balbashov,  Phys. Rev. B 2016, 93, 054301. 
[63] V. Podobedov, A. Weber, D. Romero, J. P. Rice, H. Drew, Phys. Rev. B 1998, 58, 43. 
[64] H. Gretarsson, N. Sung, M. Höppner, B. Kim, B. Keimer, M. Le Tacon, Phys. Rev. Lett. 2016, 
116, 136401. 
[65] A. Sushkov, O. Tchernyshyov, W. Ratcliff II, S. Cheong, H. Drew, Phys. Rev. Lett. 2005, 94, 
137202. 
[66] C. J. Fennie, K. M. Rabe, Phys. Rev. Lett. 2006, 96, 205505. 
[67] A. Glamazda, P. Lemmens, S.-H. Do, Y. Kwon, K.-Y. Choi, Phys. Rev. B 2017, 95, 174429. 
[68] A. Glamazda, P. Lemmens, S.-H. Do, Y. Choi, K.-Y. Choi, Nat. Commun. 2016, 7, 12286. 
[69] N. Suzuki, H. Kamimura, J. Phys. Soc. Jpn 1973, 35, 985-995. 



[70] N. Koshizuka, Y. Yokoyama, T. Tsushima, Solid State Commun. 1977, 23, 967-969. 
[71] D. Shcherbakov, P. Stepanov, D. Weber, Y. Wang, J. Hu, Y. Zhu, K. Watanabe, T. Taniguchi, 
Z. Mao, W. Windl, J. Goldberger, M. Bockrath, C. N. Lau, Nano Lett. 2018, 18, 4214-4219. 
[72] X. Wang, J. Tang, X. Xia, C. He, J. Zhang, Y. Liu, C. Wan, C. Fang, C. Guo, W. Yang, Y. 
Guang, X. Zhang, H. Xu, J. Wei, M. Liao, X. Lu, J. Feng, X. Li, Y. Peng, H. Wei, R. Yang, D. Shi, 
X. Zhang, Z. Han, Z. Zhang, G. Zhang, G. Yu, X. Han, arXiv preprint arXiv:1902.05794. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 1. Selection Rules for Raman-active Phonons 
 A1g(Γ) E1g(Γ) E2g(Γ) 
𝑰𝐥𝐢𝐧𝐞𝐚𝐫 ∥  𝑎 2 0  𝑑 2 
𝑰𝐥𝐢𝐧𝐞𝐚𝐫 ⊥ 0 0  𝑑 2 

Iσ+ in σ+ out  𝑎 2 0 0 
Iσ+ in σ- out 0 0 2 𝑑 2 

 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 1. Lattice dynamics and the chirality of Raman active phonons of Fe3GeTe2. (a) Side and 
(b) top views of the crystal structure of Fe3GeTe2. (c) Atomic-resolution scanning transmission 
electron microscopy image. (d) Optical micrograph of a few-layer Fe3GeTe2 covered with a thin 
layer of hBN. (e) Atomic force micrograph corresponding to (d). (f) Height profiles taken along 
the red and blue lines in (e). (g) Raman spectra for two excitation energies: 2.33 eV and 1.96 eV. 
(h) Linear polarization-resolved Raman spectra. (i) Helicity-resolved Raman spectra. Inset is the 
schematic of the helicity of photon switched by the chiral E2g(Γ) phonon. 



 
Figure 2. Spin-phonon coupling in Fe3GeTe2. (a) Raman spectra of Fe3GeTe2 versus temperature. 
The region highlighted by the red square is magnified 10 times. (b) Phonon energies as a function 
of temperature. (c) Magnetic-order-induced renormalization of the phonon frequencies. (d) 
Phonon linewidths versus temperature. (e) Renormalization of the phonon linewidths induced by 
magnetic ordering. The red curves in (b) and (d) correspond to the results of anharmonic model. 
The shaded blue region with 70% transparency in (b)- (e) indicates spin-phonon coupling. 
 
 
 



 
Figure 3. Strongly enhanced Raman susceptibility in Fe3GeTe2. (a) Raman scattering 
susceptibility as a function of temperature. The region highlighted by the red square is magnified 
10 times. (b, c) Integrated Raman susceptibility versus temperature for the 120 cm-1 A1g mode (b) 
and 240 cm-1 p2 phonon (c). The region highlighted by the blue square with 70% transparency 
indicates spin-phonon coupling. 
 
 



 
Figure 4. Laser radiation-induced degradation in Fe3GeTe2. (a, b) AFM height images of a freshly 
exfoliated Fe3GeTe2 flake. (c, d) AFM height (c) and phase (d) images of Fe3GeTe2 after a series 
of Raman measurements. Dotted red circles indicate the position of laser spot. (e) A series of 
Raman measurements. The black dotted lines indicate the intrinsic phonons of Fe3GeTe2. The 
vertical red lines indicate two new Raman modes due to flake degradation. 
 


