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A B S T R A C T

The temperature dependence of the band gaps, refractive index, high-frequency and static di-
electric constants and optical phonon frequencies in GaAs has been computed by using a pseu-
dopotential approach. Our findings for all features of interest at given temperatures yielded
values that agree with those previously reported. The variation of the features being studied here
versus temperature showed a monotonic behavior. The transverse optical (TO) and longitudinal
optical (LO) phonon frequencies are shifted towards low frequencies when the temperature is
raised from 0 to 600 K. The change in the LO-TO splittings by raising temperature reflects the
change in the ionicity character of the material under investigation.

1. Introduction

III-V family of compound semiconductors provide the materials basis for new cutting-edge classes of electronic and optoelectronic
devices and have found a good deal of applications [1,2]. Particularly important member of this family is gallium arsenide (GaAs)
which is a well-known material with great potential for use in different applications such as semiconductor devices, multilayer
structures and so on [3]. The material of interest is a direct band-gap semiconductor with a zinc-blende crystal structure. It is used in
the manufacture of devices such as microwave frequency integrated circuits, infrared light-emitting diodes, optical windows and
solar cells [4–7]. Besides, it can be used as a substrate material for the epitaxial growth of other III–V semiconductors. Very recently,
Yaremchuk et al. [8] have optimized and fabricated a gold-coated GaAs diffraction gratings and reported that the investigated
structure can be applied to the optical refractive index sensor systems.

Like other III-V semiconductors [9,10] the physical properties of GaAs are sensitive to external influences such as pressure,
temperature, external magnetic fields and strain [11–17]. These features make GaAs a strong candidate for sensors of several kinds.
As a matter of fact, for semiconductors the physical properties and their temperature dependence are essential material parameters in
the design and fabrication of devices. They are also important in the determination of epitaxial growth conditions [18–20]. Varying
the temperature makes it possible for tuning the physical properties and in turn the frequency for generation and detection of
radiations.

Previous experimental and theoretical attempts have been made to investigate the temperature dependence of some fundamental
properties of semiconductor materials [9,15,21–24]. However, most of them still not well established. This has motivated us to take
such a study for GaAs. In the present contribution a pseudopotential approach has been employed in order to investigate the
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temperature dependence of the optical properties and optical phonon frequencies in GaAs. A highly adjusted form factors in con-
junction with a non-linear least-squares method are used so as to construct the potential at various temperatures ranging from 0 to
600 K. Our results are compared when possible with experiment and previous theoretical data.

2. Computational details

The present calculations are mainly based on the empirical pseudopotential method (EPM) [25]. The pseudopotential form factors
(PFFs) are adjusted so as to reproduce the experimental energy band gaps of GaAs at some selected high-symmetry points in the
Brillouin zone at different temperatures ranging from 0 to 600 K. The optimization of the empirical pseudopotential parameters has
been made using the non-linear least-squares method as described in Refs. [26–28]. The dimension of the eigenvalue matrix is taken
to be 136× 136. The energy band gaps of GaAs at Г, X and L high-symmetry points in the Brillouin zone fixed in the fits at room
temperature are given in Table 1. Table 2 lists the final adjusted PFFs for GaAs at various temperatures in the range 0–600 K.

The refractive index (n) has been calculated using the Reddy and Anjaneyulu model [30]. The model has been preferred to other
models quoted in the literature [31] because it has been reported to provide better results compared to experiment as regards n for III-
V semiconductors [32,33]. The optical high-frequency and static dielectric constants, the longitudinal optical (LO) and transverse
optical (TO) phonon frequencies of the material of interest are determined using the same methodology as that used by Bouarissa
et al. [34].

All calculated optical parameters of interest depend on the fundamental energy band gap (Eg) which in turn depends on tem-
perature. Thus, the knowledge of the temperature dependence of Eg allowed the determination of the optical parameters such as the
refractive index, high-frequency dielectric constant, static dielectric constant, LO and TO phonon frequencies as a function of tem-
perature.

3. Results and discussion

The variation of the direct (Г-Г) and indirect (Г-X) and (Г-L) band gap energies as a function of temperature for GaAs is plotted in
Fig. 1. Note that by raising temperature from 0 up to 600 K, all band gap energies of interest decrease monotonically and non-linearly.
Generally, two mechanisms are thought to be responsible for the temperature dependence of energy band gaps. These mechanisms
are the thermal expansion and the electron-phonon interaction [35–37]. The first mechanism results from the dependence of the band
gap energy on the lattice parameter. The second mechanism that is due to the electron-phonon interaction has the major contribution.
The behavior of the energy band gaps (Г-Г) and (Г-L) of GaAs versus temperature appears to be opposite to that versus pressure [16],
whereas that of the indirect band gap (Г-X) follows the same trend as that versus pressure. Generally, this is the behavior commonly
reported for direct and indirect band gap energies of binary tetrahedral semiconductors versus pressure and temperature
[2,23,38,39]. At zero temperature, our results yielded a value of 1.519 eV for the fundamental direct band-gap (Г-Г). This value is in
good accord with that of 1.517 eV reported by Lautenschlager et al. [40] who examined a large number of samples by ellipsometry.

The optical characteristics of a material medium can be described by the knowledge of the refractive index of the material in
question. Thus, an accurate determination of n is very useful in the design of optical devices [31,41,42]. Furthermore, the tem-
perature dependence of n is of fundamental interest in many optical and optoelectronic applications. For that purpose, n has been
calculated using the model of Reddy and Anjaneyulu [30] as stated in Section 2. Our results regarding the variation of n as a function
of temperature are displayed in Fig. 2. We observe that when the temperature is increased from 0 to 600 K, n increases from 3.17 to
3.35. The increase is monotonic. It should be noted that at a temperature of 300 K, our findings yielded a value of n=3.24 for GaAs
semiconductor material. This value deviates by less than 4% from the known value of 3.35 quoted in Ref. [43] for GaAs.

Table 1
Experimental band-gap energies [29] for GaAs fixed in the fits at room tem-
perature.

EГ-Г (eV) EГ-X (eV) EГ-L (eV)

1.42 1.81 1.72

Table 2
Symmetric VS and antisymmetric VA pseudopotential form factors (in Ryd) for GaAs at various temperatures ranging from 0 to 600 K.

Temperature (K) VS(3) VS(8) VS(11) VA(3) VA(4) VA(11)

0 −0.240579 0.0126 0.060453 0.067159 0.05 0.01
100 −0.239480 0.0126 0.059782 0.068588 0.05 0.01
200 −0.237322 0.0126 0.058461 0.071332 0.05 0.01
300 −0.239833 0.0126 0.059625 0.060536 0.05 0.01
400 −0.231666 0.0126 0.055067 0.078560 0.05 0.01
500 −0.228390 0.0126 0.053144 0.082742 0.05 0.01
600 −0.225005 0.0126 0.051189 0.086920 0.05 0.01
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Our calculations of the optical properties have been extended to include both the high-frequency dielectric constant ( ∞ε ) and the
static dielectric constant (ε0). As a matter of fact, the knowledge of ∞ε and ε0 is needed to properly design and apply instruments. In
the present contribution ∞ε for GaAs is determined to be 10.51 at a temperature of 300 K. This value agrees to within 4% with that of
10.89 reported in Ref. [43]. The variation in ∞ε as a function of temperature is illustrated in Fig. 3. Note that by raising the
temperature on going from 0 to 600 K, ∞ε increases from 10.07 to 11.20. The behavior is monotonic as expected from that of n versus
temperature.

As far as ε0 is concerned, our results yielded a value of about 12 for GaAs at a temperature of 300 K. This value agrees reasonably
well with that of 12.9 reported in Ref. [43]. The variation in ε0 as a function of temperature in the range 0–600 K is shown in Fig. 4. By

Fig. 1. (a) Direct band-gap energy (Г-Г) in GaAs versus temperature (b) Indirect band-gap energy (Г-X) in GaAs versus temperature (c) Indirect
band-gap energy (Г-L) in GaAs versus temperature.
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observing Fig. 4 one can note that ε0 increases from 11.26 (at 0 K) to 14.11 (at 600 K). The increase is monotonic and qualitatively
similar to that of ∞ε . Accordingly, one can conclude that the increase of temperature leads to the increase of both ∞ε and ε0 suggesting
thus that the effect of GaAs semiconductor material on a capacitor becomes higher when increasing the temperature. This effect
seems to be opposite to that of pressure which has been reported for ∞ε and ε0 in the case of InAs semiconductor material [44].

One of the important part of condensed matter physics is the study of vibrational properties. In fact, phonons play a major role in
several of the fundamental properties of condensed matter. Hence, an accurate knowledge of the lattice vibration properties leads to a
better understanding of band parameters which are responsible for the optical devices efficiency [10,45–47]. In the present work, we
are dealing with GAs in the zinc-blende structure. Hence, we have only two modes to be considered: the longitudinal optical (LO) and
the transverse optical (TO) phonon frequencies. These frequencies are referred to in the text as ωLO and ωTO, respectively and are
taken at the high-symmetry point Г in the Brillouin zone. At a temperature of 300 K, our findings yielded values of ωLO = 6.60 × 1013

s−1 and ωTO = 6.13 × 1013 s-1 for GaAs semiconductor material. These values are in reasonable agreement with those of ωLO = 5.5 ×

Fig. 2. Refractive index in GaAs versus temperature.

Fig. 3. High-frequency dielectric constant in GaAs versus temperature.

Fig. 4. Static dielectric constant in GaAs versus temperature.
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1013 s−1 and ωTO = 5.1 × 1013 s−1 quoted in Ref. [48].
The temperature dependence of ωLO and ωTO for GaAs in the zinc-blende structure is shown in Figs. 5 and 6, respectively. By

observing Fig. 5, we note that as the temperature raises from 0 up to 600 K, ωLO decreases from 7.29 × 1013 s−1 to 5.70 × 1013 s−1

showing a monotonic behavior. The same qualitative behavior can be observed for ωTO as seen in Fig. 6 where ωTO decreases from a
value of 6.90 × 1013 s−1 to a value of 5.08 × 1013 s−1 when the temperature changes from 0 to 600 K. However, it should be noted
that the rate of shift of ωLO towards lower frequencies (lower energies) when raising temperature is different from that of ωTO. This is
an indication of the variation of the LO-TO splittings when the temperature is raised which reflects the change in the ionicity of the
material of interest when the temperature is changed.

4. Conclusion

In summary, the temperature dependence of direct (Г-Г) and indirect (Г-X) and (Г-L) band-gap energies, refractive index, high-
frequency and static dielectric constants, and LO and TO phonon frequencies of GaAs in the zinc-blende structure was investigated.
The considered temperature range was taken from 0 up to 600 K. The calculations were performed using a pseudopotential approach.
Our results were found to be in good accord with those reported in the literature for given temperatures. All features of interest were
found to vary monotonically with raising temperature. The behavior of both LO and TO phonon frequencies versus temperature
showed a shift of both parameters at the Г point in the Brillouin zone towards low frequencies (low energies) with raising tem-
perature. The LO-TO splitting was found to change with changing the temperature indicating thus the variation of the crystal ionicity
character with raising temperature. The present work showed that a pseudopotential approach with highly adjusted form factors can
yield good results regarding the temperature dependence of the optical properties of GaAs.

Acknowledgement

The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work
through research groups program under grant number G. R. P. -366-39.

Fig. 5. LO phonon frequency in GaAs versus temperature.

Fig. 6. TO phonon frequency in GaAs versus temperature.

M.A. Khan et al. Optik - International Journal for Light and Electron Optics 176 (2019) 366–371

370



References

[1] L. Zhaojun, H. Tongde, L. Qiang, L. Xing, Z. Xinbo, Compound Semiconductor Materials and Devices, Morgan & Claypool Publishers, 2016.
[2] I. Vurgaftman, J.R. Meyer, L.R. Ram-Mohan, Band parameters for III-V compound semiconductors and their alloys, J. Appl. Phys. 89 (2001) 5815–5875.
[3] N.G. Einspruch, W.R. Wisseman, GaAs Microelectronics, VLSI Electronics Microstructure Science, Academic Press, 2014.
[4] S.J. Moss, A. Ledwith, The Chemistry of the Semiconductor Industry, Springer, 1987 ISBN 0-216-92005-1.
[5] S. Adachi, GaAs and Related Materials: Bulk Semiconducting and Superlattice Properties, World Scientific, Singapore, 1994.
[6] P. Caban, R. Pietruszka, K. Kopalko, B.S. Witkowski, K. Gwozdz, E. Placzek-Popko, M. Godlewski, ZnO/GaAs heterojunction solar cells fabricated by the ALD

method, Optik 157 (2018) 743–749.
[7] K.J. Singh, T.J. Singh, D. Chettri, S.K. Sarkar, A thin layer of carbon nano tube (CNT) as semi-transparent charge collector that improve the performance of the

GaAs solar cell, Optik 135 (2017) 256–270.
[8] I. Yaremchuk, H. Petrovska, V. Fitio, Y. Bobitski, Optimization and fabrication of the gold-coated GaAs diffraction gratings for surface plasmon resonance

sensors, Optik 158 (2018) 535–540.
[9] M. Wada, S. Araki, T. Kudou, T. Umezawa, S. Nakajima, T. Ueda, Temperature dependence of the band gap in InAsyP1-y, Appl. Phys. Lett. 76 (2000) 2722–2724.

[10] N. Bouarissa, Phonons and related crystal properties in indium phosphide under pressure, Phys. B 406 (2011) 2583–2587.
[11] Q.H.F. Vrehen, Interband magneto-optical absorption in gallium arsenide, J. Phys. Chem. Sol. 29 (1968) 129–141.
[12] G.D. Pitt, J. Lees, Electrical properties of the GaAs X1

C minima at low electric fields from a high pressure experiment, Phys. Rev. B 2 (1970) 4144–4160.
[13] G.D. Pitt, J. Lees, R.A. Hoult, R.A. Stradling, Magneto-phonon effect in GaAs and InP to high pressures, J. Phys. C6 (1973) 3282–3294.
[14] N. Christensen, Electronic structure of GaAs under strain, Phys. Rev. B 30 (1984) 5753–5765.
[15] C.K. Kim, P. Lautenschlager, M. Cardona, Temperature dependence of the fundamental energy gap in GaAs, Solid State Commun. 59 (1986) 797–802.
[16] M. Boucenna, N. Bouarissa, Predicted electronic properties of GaAs under hydrostatic pressure, Mater. Chem. Phys. 84 (2004) 375–379.
[17] S. Saib, N. Bouarissa, High-pressure band parameters for GaAs: first principles calculations, Solid State Electron. 50 (2006) 763–768.
[18] H.C. Casey Jr., M.B. Panish, Heterostructure Lasers, Academic, New York, 1978 part B.
[19] S. Adachi, Material parameters of In1-xGaxAsyP1-y and related binaries, J. Appl. Phys. 53 (1982) 8775–8792.
[20] T. Ishikawa, J.E. Bowers, Band lineup and in-plane effective mass of InGaAsP or InGaAlAs on InP strained-layer quantum well, IEEE J. Quantum Electron. 30

(1994) 562–570.
[21] R.R. Reeber, K. Wang, Lattice parameters and thermal expansion of GaN, J. Mater. Res. 15 (2000) 40–44.
[22] P. Hlίdek, J. Bok, J. Franc, R. Grill, Refractive index of CdTe: Spectral and temperature dependence, J. Appl. Phys. 90 (2001) 1672–1674.
[23] K. Kassali, N. Bouarissa, Composition and temperature dependence of electron band structure in ZnSe1-xSx, Mater. Chem. Phys. 76 (2002) 255–261.
[24] M.A. Khan, N. Bouarissa, Optical and energy-loss spectra of ZnS from ab initio molecular dynamics simulation: temperature effect, Optik 124 (2013) 5095–5098.
[25] M.L. Cohen, J.R. Chelikowsky, Electronic Structure and Optical Properties of Semiconductors, Springer-Verlag, Berlin, 1988 See for example.
[26] T. Kobayasi, H. Nara, Properties of nonlocal pseudopotentials of Si and Ge optimized under full interdependence among potential parameters, Bull. Coll. Med.

Sci. Tohoku Univ. 2 (1993) 7–16.
[27] A. Bechiri, N. Bouarissa, Energy band gaps for the GaxIn1-xAsyP1-y alloys lattice matched to different substrates, Superlattice Microst. 39 (2006) 478–488.
[28] N. Bouarissa, M. Boucenna, Band parameters for AlAs, InAs and their ternary mixed crystals, Phys. Scr. 79 (2009) 015701-1-7.
[29] D.E. Aspnes, C.G. Olson, D.W. Lynch, Ordering and absolute energies of the L6C and X6

C conduction band minima in GaAs, Phys. Rev. Lett. 37 (1976) 766–769.
[30] R.R. Reddy, S. Anjaneyulu, Analysis of the Moss and Ravindra relations, Phys. Stat. Sol. B 174 (1992) k91–k93.
[31] N.M. Ravindra, P. Ganapathy, J. Choi, Energy gap-refractive index relations in semiconductors- an overview, Infrared Phys. Technol. 50 (2007) 21–29.
[32] N. Bouarissa, S.A. Siddiqui, M. Boucenna, M.A. Khan, Band structure and optical constants of GaAs1-xNx, Optik 131 (2017) 317–322.
[33] M.S. Al-Assiri, N. Bouarissa, Electronic band structure and derived properties of AlAsxSb1-x alloys, Superlattice Microstr. 59 (2013) 144–154.
[34] N. Bouarissa, S. Bougouffa, A. Kamli, Energy gaps and optical phonon frequencies in InP1-xSbx, Semicond. Sci. Technol. 20 (2005) 265–270.
[35] M.L. Cohen, D.J. Chadi, M. Balkanski (Ed.), Semiconductor Handbook, vol. 2, North Holland, Amsterdam, 1980ch.4B.
[36] P.B. Allen, V. Heine, Theory of the temperature dependence of electronic band structures, J. Phys. C 9 (1976) 2305–2312.
[37] P.B. Allen, M. Cardona, Temperature dependence of the direct gap of Si and Ge, Phys. Rev. B 27 (1983) 4760–4769.
[38] S. Ves, U. Schwarz, N.E. Christensen, K. Syassen, M. Cardona, Cubic ZnS under pressure: optical-absorption edge, phase transition, and calculated equation of

state, Phys. Rev. B 42 (1990) 9113–9118.
[39] F. Benmakhlouf, A. Bechiri, N. Bouarissa, Zinc-blende ZnS under pressure: predicted electronic properties, Solid State Electron. 47 (2003) 1335–1338.
[40] P. Lautenschlager, M. Garriga, S. Logothetidis, M. Cardona, Interband critical points of GaAs and their temperature dependence, Phys. Rev. B 35 (1987)

9174–9189.
[41] S. Adachi, Band gaps and refractive indices of AlGaAsSb, GaInAsSb, and InPAsSb: key properties for a variety of the 2-4-μm optoelectronic device applications, J.

Appl. Phys. 61 (1987) 4869–4876 and references therein.
[42] M. Boucenna, N. Bouarissa, Refractive index and dielectric constants of GaxIn1-xP: disorder effect, Optik 125 (2014) 6611–6615.
[43] M. Levinshtein, S. Rumyantsev, M. Shur, eds., Handbook Series on Semiconductor Parameters vol. 2, World Scientific, Singapore, 1999.
[44] N. Bouarissa, Pressure dependence of refractive index, dielectric constants and optical phonon frequencies of indium arsenide, Optik 138 (2017) 263–268.
[45] S. Baroni, S. de Gironcoli, A. Dal Corso, P. Giannozzi, Phonons and related crystal properties from density-functional perturbation theory, Rev. Mod. Phys. 73

(2001) 515–562.
[46] (a) S. Saib, N. Bouarissa, P. Rodríguez-Hernández, A. Muñoz, First-principles study of high-pressure phonon dispersions of wurtzite, zinc-blende, and rocksalt

AlN, J. Appl. Phys. 103 (2008) 013506;
(b) S. Saib, N. Bouarissa, P. Rodríguez-Hernández, A. Muñoz, Response to “Comment on’ First-principles study of high-pressure phonon dispersions of wurtzite,
zinc-blende, and rocksalt AlN”, J. Appl. Phys. 104 (2008) 076107.

[47] N. Bouarissa, H. Algarni, O.A. Al-Hagan, M.A. Khan, T.F. Alhuwaymel, Optical phonon modes and polaron related parameters in GaxIn1-xP, Phys. B 531 (2018)
144–148.

[48] C. Kittel, Introduction to Solid-State Physics, 5th edn., Wiley, New York, 1976.

M.A. Khan et al. Optik - International Journal for Light and Electron Optics 176 (2019) 366–371

371

http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0005
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0010
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0015
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0020
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0025
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0030
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0030
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0035
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0035
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0040
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0040
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0045
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0050
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0055
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0060
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0065
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0070
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0075
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0080
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0085
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0090
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0095
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0100
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0100
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0105
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0110
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0115
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0120
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0125
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0130
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0130
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0135
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0140
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0145
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0150
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0155
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0160
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0165
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0170
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0175
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0180
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0185
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0190
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0190
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0195
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0200
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0200
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0205
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0205
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0210
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0215
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0220
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0225
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0225
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0230a
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0230a
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0230b
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0230b
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0235
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0235
http://refhub.elsevier.com/S0030-4026(18)31401-3/sbref0240

	Temperature dependence of the optical and lattice vibration properties in gallium arsenide
	Introduction
	Computational details
	Results and discussion
	Conclusion
	Acknowledgement
	References




