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Thickness-dependent in-plane
anisotropy of GaTe phonons

Nguyen The Hoang?, Je-Ho Lee?, Thi Hoa Vu?, Sunglae Cho?** & Maeng-Je Seong®>**

Gallium Telluride (GaTe), a layered material with monoclinic crystal structure, has recently attracted

a lot of attention due to its unique physical properties and potential applications for angle-resolved
photonics and electronics, where optical anisotropies are important. Despite a few reports on the
in-plane anisotropies of GaTe, a comprehensive understanding of them remained unsatisfactory to
date. In this work, we investigated thickness-dependent in-plane anisotropies of the 13 Raman-active
modes and one Raman-inactive mode of GaTe by using angle-resolved polarized Raman spectroscopy,
under both parallel and perpendicular polarization configurations in the spectral range from 20 to

300 cm™1. Raman modes of GaTe revealed distinctly different thickness-dependent anisotropies

in parallel polarization configuration while nearly unchanged for the perpendicular configuration.
Especially, three A; modes at 40.2 (Aé), 152.5 (A;), and 283.8 (A;z) cm! exhibited an evident variation
in anisotropic behavior as decreasing thickness down to 9 nm. The observed anisotropies were
thoroughly explained by adopting the calculated interference effect and the semiclassical complex
Raman tensor analysis.

Two-dimensional (2D) materials such as graphene and transition metal dichalcogenides (TMDCs) attracted
massive attention. These materials frequently displayed diverse optical and electronic properties with a high
in-plane isotropy'—. However, a new category of 2D layered materials exhibiting in-plane anisotropic physical
properties, such as black phosphorus (BP), WTe,, TlSe, ReS,, ReSe, and SnSe*!1, has recently emerged. Gener-
ally, the in-plane anisotropy in electrical, optical, thermal, and phonon properties is associated with the low
in-plane symmetry of crystal structure. By manipulating the in-plane anisotropy, we can separately tune and
optimize these properties along desired crystallographic orientations. Thus, the in-plane anisotropy provides a
tremendous opportunity for designing various polarization-resolved devices, including anisotropic field-effect
transistors (FETs), polarization-sensitive photodetectors, integrated polarization controllers, surface-enhanced
Raman scattering devices, and linearly-polarized ultrafast lasers™!*"'8. Moreover, in-plane anisotropic properties
are normally originated from the different energy band structure along different in-plane directions. Therefore,
the comprehensive studies on anisotropic properties of low-symmetry 2D materials could offer more insights
into their energy band structures and physical properties.

Gallium Telluride (GaTe), a member of the low-symmetry material family with monoclinic structure, has
gained lots of attention in recent years. Bulk GaTe has a direct bandgap of 1.65 eV at room temperature'®, and
it has extremely high photoresponsivity of 10* A/W?°. Besides, its monoclinic structure leads to anisotropic
optical*’~* and electrical properties**. Among many experimental methods used to study its anisotropic prop-
erties, the angle-resolved polarized Raman spectroscopy (ARPRS) was quite useful to investigate the in-plane
polarization anisotropy of its phonon modes®***. Similar to BP and Sn$?*?’. Each Raman mode of GaTe crystal
was reported to have peculiar polarization anisotropies that depend on its thickness and the excitation laser
energy®’. Nonetheless, systematic study on the layer-thickness-dependent in-plane anisotropy of GaTe phonon
modes is yet to be done.

In this work, we have investigated the in-plane anisotropies of the 13 Raman-active modes and one Raman-
inactive mode of GaTe flakes with different thicknesses by using ARPRS in the spectral range from 20 to 300 cm™.
Phonon modes of GaTe revealed distinctly different thickness-dependent anisotropies. The observed anisotropies
can be thoroughly explained by adopting the calculated interference effect and the semiclassical complex Raman
tensor analysis.
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Figure 1. (a) Crystal structure of GaTe, shown in perspective view, side view, and top view of three stacked
layers. The drawing was created by using VESTA version 3 (https://jp-minerals.org/vesta/en/download.html).
(b) Typical Raman spectrum of bulk-GaTe measured by using a 532 nm laser line at room temperature. (¢) XRD
patterns of GaTe. (d) PL spectrum of bulk-GaTe at room temperature.

Results and discussion

The crystal structure of bulk-GaTe is shown in Fig. 1a. It has a monoclinic structure whose space group is C2/m.
In this work, we will use the conventional crystallographic axes of GaTe, where the x-axis is the direction of the
stacked layers, also known as [201] direction®?%. On the layer plane, the y-axis is the direction of a series of Ga-Ga
binding chains. Thus, the y-axis and z-axis correspond to [010] and [102] directions, respectively. Typical Raman
spectrum of our GaTe sample was shown in Fig. 1b, where eleven A, modes and two B, modes were observed in
the spectral range from 20 to 300 cm™. It is noteworthy that our Raman spectrum did not show peaks around
132 cm™ and 146 cm™, which were known to exist in oxygen-contaminated GaTe samples*®?.

The XRD spectrum of bulk GaTe has two strong peaks corresponding to (210) and (420) planes as shown in
Fig. 1c, confirming that our GaTe sample is a monoclinic single-crystal®**2. Typical room temperature photo-
luminescence (PL) spectrum was shown in Fig. 1d, where a strong peak at 1.66 eV, in good agreement with the
previously reported direct bandgap of GaTe, was observed*****. All the results shown in Fig. 1 confirmed that
our samples were high-quality monoclinic single-crystal GaTe.

The optical microscope (OM) image and the AFM image of the mechanically exfoliated thick GaTe flake
were shown in Fig. 2a,b, respectively. The thickness of the measured flake was ~ 235 nm as shown in Fig. 2c.
Raman-active modes in GaTe consisted of 12 A, and 6 B, modes, and all the phonon modes, including the
Raman-inactive modes, are shown in Table S1?**. 13 Raman-active modes were observed in this work and
their Raman spectra with differing angles of polarization direction in both parallel and perpendicular polariza-
tion configurations were shown in Fig. 2d,e, respectively. In the parallel polarization configuration, the Raman
intensities of the A, modes exhibited maxima for the angle 6 between the polarization direction and the crystal
y-axis of 0° 90°, 180° and 270°, whereas those of the Bg modes vanished for 6=0° 90°, 180° and 270°. Typical
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Figure 2. (a) Optical microscope image of the measured GaTe flake, where the crystal orientation and the
angle 0 between the polarization of the incident light and the y-axis were indicated. (b,c) AFM image and
height profile of the GaTe flake. Polarization-resolved Raman spectra of a thick flake under (d) parallel and

(e) perpendicular polarization configurations. Raman intensity polar plots of A; (115 cm™) and B* (164 cm™)
modes under (f,g) parallel and (h,i) perpendicular polarization configurations, where solid lines represent fitted
curves.

polarization anisotropies of the A, and the B, modes in the parallel polarization configuration were shown in
Fig. 2f,g, respectively. In the perpendicular polarization configuration, the intensities of the A, modes became
very weak or even undetectable, while the intensities of the B, modes became relatively strong. Typical polari-
zation anisotropies of the A, and the B, modes in the perpendicular polarization configuration were shown in
Fig. 2h,i, respectively, where the Ag modes exhibited maxima at 0 =45° 135°,225° and 315° and minima at 6=0°
90°, 180° and 270° while the B, modes exhibited maxima at 6=0° 90°, 180° and 270° and minima at 6 =45°
135°, 225° and 315°. The observed polarization anisotropies can be explained by using Raman tensor analysis.
Theoretically, the intensity of a Raman-active mode can be calculated as*

) (1

where e; and e, are the unit vectors of the polarization of the incident and the scattered lights, respectively, and
R represents the Raman tensor for the Raman-active phonon mode. For the incident light with its polarization
direction making angle 8 with respect to the crystal y-axis, e;= (0 cos0 sin6) and e, = (0 cos0 sin6) or e,= (0 — sin6
cosB) for parallel or perpendicular polarization configurations, respectively. Similar to BP?, the Raman tensor
elements of GaTe are complex numbers, and the Raman tensors for the A, and the B, modes of GaTe can be
expressed as

I |eiReS|2

lale’= |dle™te 0 0 0 Jele'e
R(Ag) = | Idle"Ve [ble™> 0  |andR(Bg) = 0 0 [fle’Vr
0 0 |clefte le]efVe |flef¥e 0

where V., W, Yo, Vg, Ve, Yy are the phases of Raman tensor elements, and |a|, [b], |c|, |d], |e|, |f] are amplitudes
of Raman tensor elements. The calculated Raman intensities for the A, and the B, modes in both polarization
configurations are shown below.

I(Aé/) ~ |b|%cos* + |c|®sin*0 + 2|b||c|cos?6 sinB cospc, )

I(Bé/) ~ (4]f]2cos?6 sin26), 3)
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I<A§‘) ~ Ic|*cos?0 sin?0 + |b|25in26 c0s20 — 2|b|c|cos?0 sin?0 cosPpe ~ sin%260, (4)

I(B;) ~ (Ifl*cos?26), (5)

where // and 1 represent parallel and perpendicular polarizations, respectively, and . =y}, — . is the phase
difference.

Similar to other well-known anisotropic materials®*?, the observed polarization anisotropy of the Raman-
active phonon modes of GaTe shown in Fig. 2 can be perfectly explained by using the semi-classical theory with
complex Raman tensors.

To further understand the polarization anisotropy of the Raman-active modes in GaTe with different flake
thickness, we carried out ARPRS in both polarization configurations on three flakes with thicknesses of 9, 85,
235 nm. The OM images, AFM images, and AFM height profiles of the 9 nm and 85 nm flakes were shown in
Fig. S1, and the ARPRS spectra were shown in Fig. S2. The Raman intensity polar plots and fitted curves of the
observed 13 Raman-active modes from the three different-thickness GaTe flakes in parallel and perpendicular
polarization configurations were shown in Fig. 3 and Fig. S3, respectively. Especially, in parallel polarization
configuration, the obtained intensity polar plot of B, Raman-inactive mode at 90.3 cm™ is supposed to be a
variation of the symmetrical structure for a very thin GaTe-flake at 9 nm®**’. For 85 nm and 235 nm flakes, the
observed polarization anisotropies of all the Raman-active modes are more or less the same as shown in Fig. 3.
However, in parallel polarization configuration, 9 nm flake exhibited distinctly different polarization anisotropy
for the A, modes from the other thicker flakes, whereas its polarization anisotropy for the B, modes is almost the
same as that observed from the other thicker flakes. In contrast, in perpendicular polarization configuration, the
observed polarization anisotropies for both the A, and the B, modes were almost the same for the three flakes
regardless of their thicknesses, which is consistent with Raman tensor analysis as shown in the results below
Fig. S3. The observed difference in polarization anisotropy from different thickness flakes can be fully explained
by invoking the optical absorption, birefringence effect, and phase differences in Raman tensor elements for
GaTe’?**, and the detailed analysis was described in the Supporting Information. These results demonstrated
that the detailed polarization anisotropies of the Raman-active modes depend on not only its phonon mode
symmetry but also its thickness.

To investigate the in-plane anisotropic Raman behavior further, we analyze the amplitude ratio ‘l%l of Raman
tensor elements and . phase difference for all A, modes, by applying Eq. (2) for fitting experimental Raman
polar plots as shown in Fig. 3. According to semiclassical Raman theory’, |ble’¥® and |c|e/Vc characterize the
Raman intensities of the phonon modes along y-axis and z-axis, respectively, in parallel polarization configura-
tion. From Eq. (2), \TSI >1 or ﬁ <1 determines whether the main polarization of corresponding phonon mode
aligns along z-axis or y-axis, while % = 1 indicates either isotropic Raman mode or fourfold symmetry along
both y-axis and z-axis, and y,. is related to the strength the secondary maximum in the polar plot of A, Raman-
active modes with twofold symmetry. In Fig. 4a,b, the ratio % in three A, Raman-active modes, Aé, A7, and
A2, exhibited distinct thickness-dependent variation, similar to that reported in SnS¥’, while the amp%itude
ratio f%‘ of the other A, Raman-active modes did not show any definite thickness dependence. In this context, it
is wortilwhile to note that Zhao et al.*? reported the crystal structure of GaTe changes from monoclinic to hex-
agonal lattice as its layer thickness decreases to a few layers, which can be readily recognized by the polarization
anisotropy differences in A, modes between 9 nm flake and thick flakes (85 nm and 235 nm) as shown in Fig. 3.
For the thick flakes (85 and 235 nm), Aé, A;, and Aéz modes, whose % values are rather larger than the other
A&, modes, exhibited twofold symmetry with intensity maxima along y-axis whereas AZ, A3, Aj, A%, A¢, A3, and
All showed twofold symmetry with intensity maxima along z-axis or fourfold symmetry. gl'hus, the emergence
of the Raman-forbidden B, mode in bulk GaTe at 90.3 cm ™! and the substantial change in Raman anisotropy for
Aé, A7, and A2 modes, as the layer thickness decreases from 85 to 9 nm, can be ascribed to the crystal symmetry
change from monoclinic to hexagonal.

As revealed in black phosphorus®, the interference effect contributed significantly to the thickness depend-
ence of Raman anisotropy, and it may also play a role in GaTe. To appraise the importance of this effect, we cal-
culated the enhancement factor of A, modes along the y- and z-axis, and the details are presented in Supporting
Information. As shown in Fig. S5 in Supporting Information, the ratio of the enhancement factors between the
y-axis and z-axis depends significantly on GaTe thickness. Figure 4c,d showed the ‘%ll and . after the elimination
of interference effect in Raman intensity, representing intrinsic anisotropy of GaTe originating from anisotropic
electron-phonon and electron-photon interactions. Overall anisotropy was reduced after correcting the inter-
ference effect but the thickness-dependent anisotropy variation for the three A, modes, Al A;, and Ag, still
distinctly remained as compared to that for the rest of the A, modes.

Conclusions

In summary, we systematically investigated the in-plane anisotropy of GaTe phonon modes under parallel and
perpendicular polarization configurations. 13 out of the total 16 Raman-active modes, 11 A, modes and 2 B
modes, were observed. Besides, one Raman-inactive B, mode was also observed only in a very thin flake. Three
A, modes, AL, A7, and Al?, exhibited distinct thickness dependence of the in-plane Raman anisotropy, whereas
Raman anisotropy of the rest of the A, modes and the B, modes is insensitive to the flake thickness. The observed
anisotropies were comprehensively understood by invoking the interference effect and the semiclassical complex
Raman tensor analysis.
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Figure 3. The Raman intensity polar plots and fitted curves of the observed 12 Raman-active modes from three
different-thickness GaTe flakes in parallel polarization configuration. The blue (A,) and the gray (B,) dots are
experimental values and the solid red (A,) and dark cyan (B,) lines are fitted curves.

Method

Synthesis of GaTe crystal. High crystallinity GaTe single crystals were synthesized by melting the stoi-
chiometric mixture of high-purity raw elements (99.99%, Alfa Aesar) using a temperature gradient technique,
as specifically described elsewhere***!. Firstly, the constituent elements were weighed in the desired molar ratio,
then loaded into quartz ampoule, and evacuated under the pressure of 10~ Torr. The ampoule was placed in a
vertical furnace, then heated up to 1223 K following the three-step temperature profile from 300 to 773 K, 773 to
1023, and 1023 to 1223 K with the heating rates of 50, 10, and 5 K h™}, respectively, to prevent the explosion risks
due to high vapor pressure of tellurium. After soaking this temperature for 33 h, the ampoule was slowly cooled
ata precise rate of 1 Kh™ to 1023 K and finally followed by a cool down to room temperature at a rate of 30 Kh™".

Sample preparation. Thick GaTe flakes were mechanically exfoliated from the bulk single-crystal sam-
ples and then transferred onto 275 nm SiO,/Si substrates. The exfoliated flakes were immediately placed in the
closed-cycle cryostat with the pressure of 10~* Torr in order to prevent oxygen contamination.
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Figure 4. Thickness dependence of the amplitude ratio of Raman tensor elements %, (a,c), and phase difference
Yoo =|Wp— V| (b,dR, for all A, modes measured in parallel polarization configuration. The horizontal dotted lines
in (a,c) indicates % = 1. (a,b) Are the results before the elimination of the enhancement factor, and (c,d) are the
results after the elimination of the enhancement factor.

Raman characterization. Raman and photoluminescence (PL) spectra were measured in the backscat-
tering geometry by using 532 nm laser line as an excitation light source. The polarization configuration was
either parallel polarization configuration or perpendicular polarization configuration. Polarization anisotropy
was investigated by rotating the polarization directions of both the incident and the scattered light with respect
to the crystal y-axis. The linearly polarized Raman spectra were measured by using an Acton Spectra Pro 25001
system with the 532 nm laser line, a 50x objective, and 1200 lines/mm grating. The laser spot size was ~ 1 pm
and the laser power was 400 uW.

Received: 4 August 2021; Accepted: 11 October 2021
Published online: 27 October 2021

References

1. Mak, K. E, Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically thin MoS,: A new direct-gap semiconductor. Phys. Rev. Lett. 105,
2-5(2010).

2. Castro Neto, A. H., Guinea, E, Peres, N. M. R., Novoselov, K. S. & Geim, A. K. The electronic properties of graphene. Rev. Mod.
Phys. 81, 109-162 (2009).

3. Kotov, V. N., Uchoa, B., Pereira, V. M., Guinea, F. & Castro Neto, A. H. Electron-electron interactions in graphene: Current status
and perspectives. Rev. Mod. Phys. 84, 1067-1125 (2012).

4. Chenet, D. A. et al. In-plane anisotropy in mono- and few-layer ReS, probed by Raman spectroscopy and scanning transmission
electron microscopy. Nano Lett. 15, 5667-5672 (2015).

Scientific Reports |

(2021) 11:21202

https://doi.org/10.1038/s41598-021-00673-0 nature portfolio



www.nature.com/scientificreports/

5. Yang, H. et al. Optical waveplates based on birefringence of anisotropic two-dimensional layered materials. ACS Photonics 4,
3023-3030 (2017).
6. Xu, X. et al. In-plane anisotropies of polarized Raman response and electrical conductivity in layered tin selenide. ACS Appl. Mater.
Interfaces 9, 12601-12607 (2017).
7. Wu, J., Mao, N, Xie, L., Xu, H. & Zhang, J. Identifying the crystalline orientation of black phosphorus using angle-resolved polar-
ized Raman spectroscopy. Angew. Chem. Int. Ed. 54, 2366-2369 (2015).
8. Song, Q. et al. The polarization-dependent anisotropic Raman response of few-layer and bulk WTe, under different excitation
wavelengths. RSC Adv. 6, 103830103837 (2016).
9. Ribeiro, H. B. et al. Unusual angular dependence of the Raman response in black phosphorus. ACS Nano 9, 4270-4276 (2015).
10. Yang, S. et al. In-plane optical anisotropy and linear dichroism in low-symmetry layered TISe. ACS Nano 12, 8798-8807 (2018).
11. Wolverson, D., Crampin, S., Kazemi, A. S., Ilie, A. & Bending, S. J. Raman spectra of monolayer, few-layer, and bulk ReSe,: An
anisotropic layered semiconductor. ACS Nano 8, 11154-11164 (2014).

12. Tian, H. et al. Anisotropic black phosphorus synaptic device for neuromorphic applications. Adv. Mater. 28, 4991-4997 (2016).

13. Hu, P. et al. Highly sensitive phototransistors based on two-dimensional GaTe nanosheets with direct bandgap. Nano Res. 7,
694-703 (2014).

14. Liu, E et al. Highly sensitive detection of polarized light using anisotropic 2D ReS,. Adv. Funct. Mater. 26, 1169-1177 (2016).

15. Li, L. et al. Highly in-plane anisotropic 2D GeAs, for polarization-sensitive photodetection. Adv. Mater. 30, 1-9 (2018).

16. Lin, J. et al. Enhanced Raman scattering on in-plane anisotropic layered materials. J. Am. Chem. Soc. 137, 15511-15517 (2015).

17. Liu, E. et al. Integrated digital inverters based on two-dimensional anisotropic ReS, field-effect transistors. Nat. Commun. 6, 1-7
(2015).

18. Guo, Q. et al. Black phosphorus mid-infrared photodetectors with high gain. Nano Lett. 16, 4648-4655 (2016).

19. Chitara, B. & YaAkobovitz, A. High-frequency electromechanical resonators based on thin GaTe. Nanotechnology 28, 1. https://
doi.org/10.1088/1361-6528/aa897d (2017).

20. Liu, E et al. High-sensitivity photodetectors based on multilayer GaTe flakes. ACS Nano 8, 752-760 (2014).

21. Girlanda, R., Grasso, V., Mondio, G. & Doni, E. Anisotropy in the absorption spectrum of GaTe at the fundamental edge. Solid
State Commun. 57, 253-258 (1986).

22. Saito, R. et al. In-plane optical anisotropy of layered gallium telluride. ACS Nano 10, 8964-8972 (2016).

23. Yamamoto, A. et al. Excitons and band structure of highly anisotropic GaTe single crystals. Phys. Rev. B Condens. Matter Mater.
Phys. 64, 1-9 (2001).

24. Wang, H. et al. Gate tunable giant anisotropic resistance in ultra-thin GaTe. Nat. Commun. https://doi.org/10.1038/s41467-019-
10256-3 (2019).

25. Cai, H. et al. Synthesis of highly anisotropic semiconducting GaTe nanomaterials and emerging properties enabled by epitaxy.
Adv. Mater. 29, 1-7 (2017).

26. Ling, X. et al. Anisotropic electron-photon and electron-phonon interactions in black phosphorus. Nano Lett. 16, 2260-2267
(2016).

27. Li, M. et al. Revealing anisotropy and thickness dependence of Raman spectra for SnS flakes. RSC Adyv. 7, 48759-48765 (2017).

28. Kotha, M., Murray, T., Tuschel, D. & Gallis, S. Study of oxidation and polarization-dependent optical properties of environmentally
stable layered gate using a novel passivation approach. Nanomaterials 9, 1-11 (2019).

29. Fonseca, J. J. et al. Bandgap restructuring of the layered semiconductor gallium telluride in air. Adv. Mater. 28, 6465-6470 (2016).

30. Yiiksek, M. et al. Two photon absorption characteristics of bulk GaTe crystal. Opt. Laser Technol. 44,2178-2181 (2012).

31. Dong, J. et al. Terahertz emission from layered GaTe crystal due to surface lattice reorganization and in-plane noncubic mobility
anisotropy. Photonics Res. 7, 518 (2019).

32. Shenoy, U.S. et al. Electronic structure and properties of layered gallium telluride. Chem. Phys. Lett. 651, 148-154 (2016).

33. Susoma, J. et al. Second and third harmonic generation in few-layer gallium telluride characterized by multiphoton microscopy.
Appl. Phys. Lett. 108, 073103 (2016).

34. Loudon, R. The Raman effect in crystals. Adv. Phys. 50, 813-864 (2001).

35. Li, L. et al. Strong in-plane anisotropies of optical and electrical response in layered dimetal chalcogenide. ACS Nano 11, 10264-
10272 (2017).

36. Chen, S. Y., Goldstein, T., Venkataraman, D., Ramasubramaniam, A. & Yan, J. Activation of new raman modes by inversion sym-
metry breaking in type II Weyl semimetal candidate T'-MoTe,. Nano Lett. 16, 5852-5860 (2016).

37. Zhang, K. et al. Raman signatures of inversion symmetry breaking and structural phase transition in type-II Weyl semimetal
MoTe,. Nat. Commun. 7, 1-6 (2016).

38. Mao, N. et al. Birefringence-directed Raman selection rules in 2D black phosphorus crystals. Small 12, 2627-2633 (2016).

39. Zhao, Q. et al. Thickness-induced structural phase transformation of layered gallium telluride. Phys. Chem. Chem. Phys. 18,
18719-18726 (2016).

40. Vu, T. H. et al. Growth and thermal stability studies of layered GaTe single crystals in inert atmospheres. J. Solid State Chem. 296,
121996 (2021).

41. Nguyen, V. Q, Kim, J. & Cho, S. A review of SnSe: Growth and thermoelectric properties. J. Korean Phys. Soc. 72, 841-857 (2018).

Acknowledgements
The work was supported by the National Research Foundation (NRF) of Korea (Grant Nos. 2019R1F1A1058473,
2020K1A4A7A02095438, 2019R1A2C1085907, and 2020R1A5A1016518).

Author contributions

N.T.H. and J.H.L. designed the experiments and N.T.H. conducted the experiments. N.T.H. prepared Figs. 1, 2,
3 and 4. NTH and MJS analyzed the data and wrote the main manuscript text. TH.V. and S.C. synthesized the
crystals. S.C. and M.J.S. conceived and supervised the present research. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-00673-0.

Correspondence and requests for materials should be addressed to S.C. or M.-].S.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:21202 https://doi.org/10.1038/s41598-021-00673-0 nature portfolio


https://doi.org/10.1088/1361-6528/aa897d
https://doi.org/10.1088/1361-6528/aa897d
https://doi.org/10.1038/s41467-019-10256-3
https://doi.org/10.1038/s41467-019-10256-3
https://doi.org/10.1038/s41598-021-00673-0
https://doi.org/10.1038/s41598-021-00673-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |  (2021) 11:21202 https://doi.org/10.1038/s41598-021-00673-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Thickness-dependent in-plane anisotropy of GaTe phonons
	Results and discussion
	Conclusions
	Method
	Synthesis of GaTe crystal. 
	Sample preparation. 
	Raman characterization. 

	References
	Acknowledgements


