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Lattice Vibration of Layered GaTe Single Crystals
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Abstract: The effect of interlayer interaction on in-layer structure of laminar GaTe crystals was studied
according to the lattice vibration using micro-Raman analysis. The results were also confirmed by
the first principle calculations. Accordingly, the relationship between lattice vibration and crystal
structure was established. Ten peaks were observed in the micro-Raman spectra from 100 cm~! to
300 cm~!. Eight of them fit Raman-active vibration modes and the corresponding displacement
vectors were calculated, which proved that the two modes situated at 128.7 cm ™! and 145.7 cm ™!
were related to the lattice vibration of GaTe, instead of impurities or defects. Davydov splitting in
GaTe was identified and confirmed by the existence of the other two modes, conjugate modes, at
110.7 em ™! (Aw = 33.1 ecm™1) and 172.5 cm™! (Aw = 49.5 cm ™), indicates that the weak interlayer
coupling has a significant effect on lattice vibrations in the two-layer monoclinic unit cell. Our results
further proved the existence of two layers in each GaTe unit cell.
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1. Introduction

The III-VIA semiconductor compounds, composed of Ga and In with S, Se, and Te, exhibits
laminar structures with strong in-layer bonds and weak interlayer interactions. These special structures
can exhibit unique in-plane and out-of-plane optical and electrical properties [1-3], which apply to
potential applications in the field of terahertz radiation emission [4,5], radiation detectors [6,7], and
solar cells [8] in the past few years. Most III-VIA layered compounds, such as GaS, GaSe, InSe [9,10],
have hexagonal structure with all M-M (M = Ga, In) bonds perpendicular to the layers, and the main
symmetry axis parallel to M-M bonds. However, GaTe has a monoclinic layered structure with Cy
space-group symmetry, where only two third of Ga-Ga bonds lie perpendicular to the layers and the
other one lies in the layers [11]. These bonds form chains of twofold rotational symmetry inside the
layers along the twofold rotational symmetry axis.

The few-layered two-dimensional GaTe materials with direct band gap were successfully prepared
and applied as the channel of photodetectors [12-15], which exhibited a fairly high photoresponsivity
of 10* A/W and a very fast photoresponse time less than 20 ms [13], which was much better than other
layered materials [16,17]. Such wonderful performance may relate to its unique monoclinic structure,
however, the crystal structure of GaTe is still not fully understood.

Raman spectroscopy has been used for the analysis of GaTe crystal structure. Cerdeira et al. [18]
studied the Raman spectrum of GaSe, GaTe, and GaSe;_xTex in the full composition range, and
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theoretically predicted that the conjugate modes or Davydov splitting should appear in the Raman
spectrum due to its special layered structure where each cell contains two layers. However, there are
only two barely resolved satellite peaks of GaTe with Davydov Splitting frequency Aw =25 cm~! and
Aw =32 cm~! around the peaks 62 cm~! and 132 cm ™. Trwin et al. [19] studied the long-wavelength
vibration modes of monoclinic GaTe by Raman scattering, far-infrared absorption and reflection.
They argued that there was no conclusive evidence concerning the existence of conjugate modes or
Davydov splitting by comparing Raman and infrared absorption results. The possible explanation
given by them was that the unit cell of GaTe might have only one layer. Yamamoto et al. [20] carried
out a position-dependent micro-Raman measurement with resolution of 1 um at 18 K. Fourteen Raman
active modes, including 11 Ag and 3 B; modes, were identified from the 16 energy peaks, which are
consistent with the results presented by Irwin et al. [19]. The two rest peaks located at 178.8 cm ™!
and 272.1 cm~! were determined as the satellite peaks around the Raman shifts at 171.8 cm~! and
270.5 cm™!, respectively, while they attributed them to experimental conditions, instead of Davydov
splitting in GaTe crystals. The essence of the argument on conjugate modes or Davydov splitting in
GaTe is that the unit cell structure of GaTe has not been well understood, and the Davydov splitting
will be found in a two-layered unit cell, not a single-layered one. Moreover, the origin of the peaks
in the range of 120 cm ™! to 145 cm ™! was also in dispute. Irwin et al. [19] attributed these peaks to
TeO; on the surface formed by overheating in crystal growth processes. Cerdeira et al. [18] attributed
the peak situated at 143 cm ! to the particular vibration mode in GaTe crystal structure because of
the strong Raman emission in pure GaTe. Most recently, S. Huang et al. [20] carried out a much more
detailed analysis about GaTe phonon vibration modes based on first-principles calculations, and they
recommended that two peaks at 126 cm ! and 142 cm ™! might originate from the double-resonant
Raman mode which are the combinations of phonon around 60-70 cm 1.

The difference in reported Raman spectra of GaTe indicates the deviation of crystal structures from
the perfect crystalline due to the existence of stress, defects or symmetry in as-grown GaTe samples.
The quality of GaTe crystals depends on the stoichiometry concentration deviation controlled by vapor
pressures of elements Ga and Te during crystal growth, and other process parameters. This possibility
has been explained by Yamamoto et al. [21], based on a simple theoretical analysis.

In this paper, we make an effort to establish the relationship between lattice vibration of GaTe and
crystal structure through experimental measurements and first principle calculations. High-quality
GaTe single crystal was fabricated using Bridgman method and the first principle calculations will be
carried out by using Vienna Ab-initio Simulation Package (VASP) (Materials Design, Vienna, Austria).
Influence of weak interlayer interaction on the lattice vibration will be analyzed.

2. Experiments and Calculations

Layered GaTe single crystals were grown by the Bridgman method. The samples with
mirror-like surfaces were prepared by a razor blade from a cleaved ingot with the typical size
of I0mm x 10 mm X 1 mm. In order to get accurate results, the freshly cleaved samples were
immediately used for the experimental observation to avoid the effect coming from surface oxidation.

For the photoluminescence measurements, the samples were attached on a cold copper finger of a
closed-cycle cryostat with grease to keep the environment temperature at 10 K. A 20 mW argon ion
laser in the wavelength of 488 nm with the spot of 1 mm in diameter was used for excitation of PL
spectra, the band position resolution is & 0.3 nm.

Micro-Raman spectroscopy measurements were performed on a Renishaw InVia Laser-Raman
Spectrometer (Renishaw, New Mills, United Kingdom) at 300 K. Ar ion laser with the wavelength of
514.5 nm and a 1 pm spot in diameter was used as excitation source. The back-scattering geometry
was used for the measurements, which meant the incident light and collections of Raman signals were
perpendicular to the surface layers. The resolution of Raman spectrum was 1 cm~!, Raman band

positions had the accuracy of + 0.1 cm~!. The energy frequency was above 100 cm~!.
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First-principle calculations were carried out using the density functional theory (DFT) as
implemented in MedeA-VASP. The calculation details can be found in our previous paper [22].

3. Results and Discussion

Figure 1 shows a typical PL spectrum of GaTe single crystals excited with 2.54 eV laser radiation
at 10 K in the energy region of 1.5-1.8 eV. The spectrum consists of three well resolved emission
bands, labeled as A, B and C. Band A is weak, and broad with asymmetric Gaussian-shape centered
at 1.57 eV and extended from 1.55 eV to 1.60 eV. Band B is a broad band with the peak located at
1.74 eV, extending from 1.70 eV to 1.77 eV. Band C has a strong and sharp peak centered at 1.7785 eV,
with the full-width at half maximum (FWHM) of only 3 meV, which is sharper than the reported
GaTe band [23,24]. According to the established band gap levels and recombination process in GaTe
single crystals [23,24], the band A belongs to donor-acceptor pair (DAP) transitions from a donor level
situated at around 80 meV below the conduction band to an acceptor level 150 meV over the valence
band. The band B consists of two peaks located at 1.72 eV and 1.76 eV, respectively, formed by the
recombination of excitons trapped in two acceptor levels with ionization energies of 110 meV and
150 meV. The band C corresponds to free-exciton (FX) with the thermal activation energy at around
18 meV. The weak DAP bands and the sharp strong FX bands indicate the low defect concentration
and perfect crystal structure of our GaTe samples.

10K c
488 nm

Intensity (a.u.)

15 16 17 18
Photon Energy (eV)

Figure 1. Low-temperature (10 K) photoluminescence (PL) spectrum of GaTe single crystals.

A typical Raman spectrum of GaTe single crystals from 100 cm~! to 300 cm ! Raman shift at an
excitation wavelength of 514.5 nm is shown in Figure 2. The incident light power is 5 mW. Ten energy
peaks are observed. Among them, the eight located at 109.6 cam 1, 1145em™ 1, 151.7 em™1, 161.6 cm ™1,
175.2cm™1,209.6 cm 1, 267.1 cm™1, 281.7 cm ™! match previous reports for monoclinic GaTe single
crystals [18-20,24]. However, there is still controversy over the interpretation of the other two situated
at129.4 cm ! and 141.8 cm ™.

300K
514.5nm

Intensity (a.u.)

100 120 140 160 180 200 220 240 260 280 300
Raman shift (cm'1)

Figure 2. Raman spectrum of GaTe single crystals at 300 K from 100 cm~! to 300 cm 1.
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To understand the Raman spectrum, the phonon dispersions were calculated based on GGA-PBE
optimized structure. For the monoclinic structure of GaTe single crystals with C,/,, symmetry, the
long-wavelength optical phonons can be analyzed by group theory and described by the irreducible
representations as

'=12Ag +6 Ay +6Bg + 12 By,.

The acoustic modes are (Ay + 2 By). The modes (5 Ay + 10 By) are infrared active, and all the Ay and
Bg are Raman active. There are 18 distinct Raman-active modes at the zone center.

The calculated results are depicted in Figure S1. There are 36 lines corresponding to 3 acoustic
modes, 15 infrared-active modes and 18 Raman-active modes. The acoustic modes suggest that
isolated GaTe crystals are dynamically stable. 8 Raman shifts were calculated by Raman-active phonon
frequencies according to the measurement results in the range of 100 cm ! to 300 cm 1. The comparison
between measurements and calculations is given in Table 1. The irreducible representations of
160.4 cm~! and 172.5 cm ™! are both Bg, and the others are Ag. The small deviations can be explained by
internal stress and discrepancies of surface conditions. Additionally, the displacement vectors for the
8 calculated frequencies are given by MedeA-VASP analysis, as shown in Figure 3. The corresponding
direction of axis is shown in Figure S2.

Table 1. Comparison of Raman-active frequencies between our measurements and calculations in the
range of 100 cm~1-300 cm 1.

. Calculated Raman-Active Raman-Active Phonon
Irreducible . . The Measurement Results of
Feature Peak . Phonon Frequencies Frequencies by Our 1y %
Representation 1 1 Yamamoto et al. (>100 cm ™)
(>100 cm™) Measurements (cm ™)
1 Ag 110.7 109.6, 114.5 111.3,116.2
2 Ag 128.6 129.5 -
3 Ag 145.6 141.8 -
4 Ag 153.4 151.7 155.2
5 Bg 160.4 161.6 166.6
6 Bg 172.5 175.2 171.8,178.8
7 Ag 206.3 209.6 211.5
8 Ag 268.5 267.1 270.5
9 Ag - 281.7 287.5

* Reference [21].

°
160.5 cm™ 172.6 cm™ 206.4 cm™ 268.7 cm!

Figure 3. Displacement vectors corresponding to eight Raman vibration modes of GaTe single crystals.

1

From our calculations, there are two Raman-active phonon frequencies centered at 128.6 cm ™" and

145.6 cm ™! in the range of 120 cm ! to 150 cm !, in agreement with our experimental measurements.
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The irreducible representations of them are all Ag. When Ga and Te atoms vibrate along the direction of
displacement vectors shown in the Figure 3, the polarization ratio and dipole moment of Te-Ga bonds
will be all changed, due to the absence of symmetric centers in Ga-Te bonds. Therefore, the two optical
phonons should be observed in Raman spectra and infrared reflection spectra simultaneously. Shared
with Abdullaev et al.’s reference [25], two infrared reflection active phonons located at 130 cm~ ! and
142 cm~! were found. The intensity of the peak located at 143 cm ™! increases as Te concentration
grows in GaSe; _xTey, becoming very strong in pure GaTe. Apparently, the two peaks at 128.7 cm !
and 145.7 cm~! may originate from the Raman active vibration modes, but not defects. On the other
hand, the layered GaTe single crystal structures are dominated by interlayer coupling and covalent
bands within the layers. The couplings between the layers are known to be weaker compared to
the intralayer force. Thus, the interlayer couplings should have effects upon the lattice vibration
frequencies. Because the unit cell contains two layers, the normal modes occur in pairs with both
layers vibrating in or out of phase. These are called conjugate modes and would be split by the
interlayer interactions. Both were observed in Raman spectra. This splitting was named Davydov
splitting. Evidences for Davydov splitting have been reported for GaSe [2], MoS; [26] and other
layered semiconductors [27].

The support of our assumption on Davydov splitting is the two measured vibration frequencies at
109.6 cm~! and 114.5 cm ™! located on the two sides of the calculated frequency 110.7 cm~!. Two similar
peaks (111.3 cm1,116.2 cm™1) were also found by Yamamoto et al. [21], which are deemed to two
vibration modes. Here we estimate the frequency of the interlayer vibration by the equation:

Aw = (w% — w%)% @

where wq and w; are the frequencies of the doublet components, and Aw represents frequency
of interlayer vibrations, which is 33.12 cm~! for the frequency of interlayer coupling, in good
agreement with our calculated low-frequency interlayer coupling at 37.5 cm~!. Another experimental
data pair by Yamamoto et al. [21], fully consistent with Davydov splitting, are 171.8 cm~! and
178.8 cm~!, corresponding to the Raman active vibration mode located at 172.5 cm~!. The value
of Aw=49.5cm™! is close to the calculated frequency at 50.9 cm~!. More interestingly, we also
found the other two conjugated mode pairs by the S. Huang et al.’s [20] calculation results. In their
Supplementary Information (Figure S3), for the calculated mode pairs, 25 (Ay w = 173.6 cm 1) and
23 (Ay w=168.8cm™1), 24 (Bg w = 172.7 em 1) and 22 (Bg w = 167.6 cm 1), with the interlayer
coupling frequency 40.5 cm~! and 41.7 cm ™!, respectively, were observed. The interlayer coupling
frequency derived by Equation (1) shows very good agreement with the first-principles calculated
results, 40.5 cm~! and 41.8 cm~!. More noteworthy is that the vibration direction of each individual
atom is the same (0°) or opposite (180°), the only difference being in the force constant.

For the Davydov splitting in layered GaTe single crystals, the van der Waals interaction and
long-range Coulombic force by electrostatic interactions should be taken into considerations. A classical
model for coupled harmonic oscillators was employed for interpretations and the Raman-active
vibration frequency w could be estimated by the harmonic oscillation equation:

1 [k

0=/ % @)

where k is restoring force constant and y is the equivalent mass of the coupled harmonic oscillators,

which could be obtained by
pl=Mpyt M ®)

My and Mg are the mass of the oscillators. For Ga-Ga or Ga-Te bonds in GaTe crystal, the coupling
frequency w is only determined by the restoring force constant k. When the interlayer interactions and
intralayer interactions in GaTe single crystals are in phase or out of phase, different k corresponding
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to different vibration frequencies would appear and Davydov splitting should be observed in GaTe
Raman spectra.

Therefore, the fact that there are two layers in each GaTe unit cell could be explained by the
existence of the conjugated modes. The second proof of our assignment is the stacking direction of the
layered structure in GaTe crystals. Previous measurements show that the index of crystallographic
plane of GaTe surface is (—210) [28], which indicates that the stacking direction could be determined in
the unit cell shown in the Figure 4. It is apparent that there are two layers in each unit cell of GaTe.

Figure 4. The stacking direction of the layers in GaTe crystal structure.

4. Conclusions

Based on high-quality crystalline GaTe single crystals obtained by Bridgman method, the lattice
vibration properties were studied by micro-Raman spectroscopy observation and first-principles
calculations. Ten peaks were observed, among which eight Raman-active vibration modes were
identified from 100 cm~! to 300 cm~! by comparing with the calculated phonon dispersion.
The existence of Davydov splitting was proved in GaTe. Two conjugate modes at 110.7 cm ™!
(Aw =33.1cm™ 1) and 172.5 cm™! (Aw = 49.5 cm~!) were determined, which supported the existence
of two layers in each GaTe unit cell. Our results showed that the lattice vibration of GaTe was jointly
decided by crystal structure and interlayer interaction.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4352/8/2/74/s1,
Figure S1: Calculated phonon dispersion. Figure S2: The direction of axis in GaTe.
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