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Abstract: The structural, electronic, optical and dynamical properties of CsAu compound in the CsCl(B2) phase were
investigated using the density functional theory (DFT) within the generalized gradient approximation (GGA).
The calculated lattice constant, static bulk modulus and first-order pressure derivative of the bulk modulus
are reported and compared with previous experimental and theoretical calculations. The calculated elec-
tronic band structure for this compound is in good agreement with available theoretical and experimental
studies. The present band calculation indicates that CsAu compound has an indirect gap at R→X points.
Furthermore, the linear photon-energy-dependent dielectric functions have been calculated. For the first
time, the electronic structure results are used, within the implementation of a linear-response technique,
for calculations of phonon properties.
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1. Introduction

The electronic structure of CsAu has been more exten-sively studied on numerous occasions [1–12]. Solid CsAustructure is known to be an ionic semiconductor with anindirect band gap of approximately 2.5 eV with a mini-mum energy gap [2]. Therefore, it is indicated that CsAu
∗E-mail: bahattinerdinc@yyu.edu.tr (Corresponding author)
†E-mail: fsoyalp@yyu.edu.tr
‡E-mail: harunakkus@yyu.edu.tr

contains a band gap characteristic of a semiconductor, asexpected for a compound in which the bonds have a strongionic character with gold being the negative ion [2]. TheCsAu compound has the CsCI crystal structure in whicheach ion has eight unlike-ion neighbors. That is, the CsAucompound crystallizes in the CsCI crystal structure andhas a lattice constant of 4.258 Å [13]. At 590°C, it lique-fies to give a melt that shows the ionic conductivity [14]. Atroom temperature, the Cs and Au ions of CsAu are orderedat (0, 0, 0) and ( 12 , 12 , 12) positions, respectively.
In addition, the electronic structure and optical propertiesof CsAu crystal structure have been studied in some detail;
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Spicer studied the photoemission and the band structureof the semiconducting compound CsAu [2]. Liu et al. de-termined the electronic band structure of CsAu through acombination of the Green’s function and quantum-defectmethods [3]. Liu calculated the optical properties ofCsAu from the electronic energy bands in the photon en-ergy range from 0.01 to 0.40 Ry [6]. Christensen et al.carried out the self-consistent non-relativistic and rela-tivistic LMTO band structure calculations for CsAu [9].Koenig et al. performed the self-consistent relativisticband structure calculations for the alkali metal gold com-pound CsAu [10]. Rodriguez et al. studied how the natureof the Au-alkali metal bond changes when the size andelectronegative of the alkali are varied, and investigatedthe electronic structure of the Au-alkali alloy films usingcore and valance level photoemission [11]. Spicer et al. in-vestigated the semiconducting properties of the compoundCsAu [13]. Wooten et al. established the measurements ofreceptivity and the Hall constant in the temperature range4.2−300 K, and measurements of the Seebeck coefficientin the temperature range 77 − 300 K [15]. Heiz et al.generated the mixed metal cluster of sodium and cesiumwith gold in a supersonic expansion from the mixed vaporphase, and investigated experimentally and computation-ally their tendency towards binary cluster formation, rela-tive thermodynamic stability and ionization potentials [16].Carley et al. studied the formation of cesium-gold alloysby the deposition of cesium on to an Au (100) surface byboth core-level (X-ray induced) and valance-level (He (II)radiation) spectroscopies [17]. Knatko et al. investigatedthe formation of a CsAu alloy during deposition of Cs onan Au substrate by threshold photoemission spectroscopy[18].The aim of the present work is to investigate the structural,electronic and dynamical properties of CsAu compound byemploying the density functional theory. The band struc-ture and optical properties are obtained from the appli-cation of the plane-wave pseudopotential method, withinthe generalized gradient approximation. These results areused, within a linear-response approach, to calculate thephonon dispersion curves for CsAu in the B2 structure.Phonon dispersion curves as well as phonon density ofstates (DOS) were calculated in order to shed more lighton the lattice dynamics. Atomic displacement patterns ofphonon modes at the Γ-point for CsAu in the B2 phaseare presented and discussed.
2. Computational details

The self-consistent norm-conserving pseudopotentialswere generated by using the FHI98PP code with a

Troullier-Martins-scheme [19] for all atoms of CsAucrystal. The Perdew-Burke-Ernzerhof GGA functional(PBE-GGA-96) [20] were used to include the exchange-correlation effects. The pseudopotential for only valenceelectrons was generated to investigate the effects on thephysical properties of the crystal. For a Cs atom the 6selectron, and for an Au atom the 5d and 6s electrons, wereinvestigated as the true valence. The basis set for theelectronic wave functions were chosen to be plane waves.The conjugate gradient minimization method [21] was usedwith the ABINIT code [22] for solving Kohn-Sham equa-tions [23]. All the calculations included one molecule cubicunit cell. With the choice of cut-off energies at 25 hartreeusing a 6×6×6 Monk-Horst-Pack mesh grid [24], a goodconvergence for the bulk total energy calculation was suc-cessfully produced. In additon, the irreducible Brillouinzone was sampled with 14× 14× 14 k-points to calculatethe optical properties of CsAu.The phonon calculations have been performed by using thecode PWSCF1. Having obtained self-consistent solutionsof Kohn-Sham equations, the lattice-dynamical proper-ties were calculated within the framework of the self-consistent density functional perturbation theory [25, 26].In order to obtain the full phonon spectrum we evaluated8 dynamical matrices on a 4× 4× 4 grid in q space. Thedynamical matrices at arbitrary wave vectors can be eval-uated by means of a Fourier deconvolution on this mesh.A 10× 10× 10 k-points mesh was used for sampling theirreducible segment of the Brillouin zone for phonon dis-persion curves and density of states.For a material having a polar crystal structure and a spon-taneous polarization, ~Ps, the total polarization consists oftwo terms: ~Ptot = ~Ps + ~Pi, where ~Pi is the polarizationinduced by incoming light and given by formula [27]
P i(ω) = χ (1)

ij (−ω,ω)E j (ω) + χ (2)
ijkE j (ω)Ek (ω) + . . . . (1)

In Eq. (1), χ (1)
ij is the frequency-dependent linear opticalsusceptibility tensor and is given by

χ (1)
ij (−ω,ω) = e2

~Ω ∑
nm~k

fnm(~k) rinm(~k)rjmn(~k)
ωmn(~k)−ω

= εij (ω)− δij4π ,

(2)

where n, m denote energy bands, fmn(~k) ≡ fm(~k)− fn(~k)is the Fermi occupation factor, Ω is the volume,
1 S. Baroni, A. Dal Corso, S. de Gironcoli, P. Giannozzi,www.pwscf.org
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ωmn(~k) ≡ ωm(~k)− ωn(~k) is the frequency differences,
~ωn(~k) is the energy of band n at wave vector ~k , εij (ω)is the frequency-dependent dielectric tensor, and the rnmare the matrix elements of the position operator. It is seenfrom Eq. (2) that the dielectric function can be associatedwith the susceptibility: εij (ω) = 1 + 4πχ (1)

ij (−ω,ω). InEq. (1) χ (2)
ijk is the frequency-dependent second-order sus-ceptibility tensor, however the non-linear optical responsefor cubic CsAu single crystal has not been investigated inthis work.It is a well-known fact that the properties of the ground-state are determined by Kohn-Sham equations. The self-energy effects must be included when the optical responsecalculations are made, since the unoccupied conductionbands have no physical importance and a band gap prob-lem appears at low energy values. In order to includethe self-energy effects, the scissor approximation [28] wasused and chosen at 1.6 eV in the present work using theexperimental energy gap 2.5 eV for CsAu by Spicer [2].

3. Results and discussion
The CsAu crystal has a cubic structure and belongs tothe space group Pm-3m (No. 221). The investigatedCsAu contains one molecule with two atoms per unit cell.The compound CsAu crystal has a lattice constant of4.258 Å [13]. At room temperature, the Cs and Au ionsof CsAu crystal are ordered at (0, 0, 0) and ( 12 , 12 , 12) posi-tions, respectively. The lattice parameter of CsAu can alsobe obtained using the pseudopotential method based onthe density functional theory under the GGA; that is, byminimization of the crystal total energy to crystal volumeratio, the theoretical lattice constant has been obtainedas a = 4.219 Å. The obtained lattice constant is used inall calculations. The atomic positions obtained from firstprinciple are (0, 0, 0) and ( 12 , 12 , 12) for Cs and Au, respec-tively.All physical properties of a material are related to thetotal energy. For example, the equilibrium lattice con-stant of a crystal is the lattice constant that minimizesthe total energy. Therefore, the physical properties of amaterial can be determined by the calculation of the totalenergy. However, optical properties are not readily un-derstandable on the basis of the total energy alone. Fig. 1shows the total energy as a function of the volume of CsAuunder the GGA. The calculated and experimental volumevalues were compared, and the deviation of the calculatedequilibrium volume given by the GGA calculation from theexperimentally determined value was found to be 2.7%.The investigation of the electronic band structure of cu-bic CsAu is very useful as it helps us to understand the

Figure 1. Total energy as a function of the volume for cubic CsAu.

electronic and optical properties of the material better.At this point, what we first need is to describe our calcu-lated electronic structure. The energy-band structure cal-culated using the GGA for cubic CsAu is shown in Fig. 2where the origin of energy was arbitrarily set to be at thevalance band maximum.

Figure 2. The calculated electronic band structure for cubic CsAu.

The band structure calculations have been performed inthe high-symmetry directions of the first BZ. The bandstructure of cubic CsAu has been calculated and plottedon the surface of the BZ. The k points denoting irreducibleBZ are marked with letters in Fig. 2. The maximum of thevalence band and minimum of the conduction band arelocated at the R and X high symmetry point, respectively,in the BZThe present band structure for cubic CsAu shows an indi-rect band gap in the R→X high symmetry direction. Theband gap calculated using the GGA is 0.91 eV. It is seenthat the obtained band gap is smaller than the experimen-
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tal result of 2.5 eV [3]; The underestimation of the bandgap is due to the generic nature of the density functionaltheory.In the present work, we also studied the linear opticalproperties of cubic CsAu. The optical functions calculatedby neglecting all lattice vibrational effects and pertain-ing only to the electronic transitions are shown in Fig. 3.The optical response was calculated in the photon energyrange of 0 − 30 eV using the calculated band structure.As a result of the calculations, we saw that a 0 − 20 eVphoton-energy range is sufficient for most optical func-tions. Thus, we have derived the values of real and imag-inary parts of the dielectric function as a function of thephoton energy.

Figure 3. Calculated real and imaginary parts of optical dielectric
function for CsAu.

The real and imaginary parts of the frequency-dependentlinear dielectric function are shown in Fig. 3. The imag-inary part of the dielectric constant, ε2, shows severalmain peaks located at 3.30, 3.70, 4.33, 4.98, 5.86, 6.74,7.39, 7.80 and 8.77 eV. These peaks correspond to the op-tical transitions from the valance band to the conductionband. In the light of this information, we see that CsAu ex-hibits two fundamental oscilator bands at 3.30 and 3.70 eV.From Fig. 3, it is seen that the 0−3.30 eV photon-energyrange is characterized by high transparency, no absorp-tion and a small reflectivity which explain the origin ofthe peak structure in the reflectivity and absorption co-efficient spectra. In addition, the 3.30 − 6.00 eV photon-energy range is characterized by strong absorption andappreciable reflectivity which means that optical absorp-tion increases more quickly in this photon-energy range.Moreover, the 6.00 − 12.00 eV photon-energy range ischaracterized by high reflectivity.Fig. 3 also shows the real parts of the frequency-dependent linear dielectric functions obtained from the

imaginary parts by Kramers-Kronig conversion. The staticdielectric constant, ε0, of CsAu is calculated as 6.30. Thefunction ε1 is equal to zero at 5.40, 5.58, 5.67, 8.08, 8.59and 13.03 eV. The interband transition at these pointsconsists mostly of plasmon excitations, and the scatter-ing probability of volume loss is directly connected to theenergy loss function.
4. Dynamical properties
CsAu crystallizes with the CsCl-type structure at ambi-ent pressure with two atoms per unit cell. The cesiumatom is positioned at (0, 0, 0) and gold at (0.5, 0.5, 0.5).The phonon dispersion curves and one-phonon density ofstates for CsAu in B2 structure are given in Fig. 4. Thereare a total of six phonon branches. Due to symmetry, thedistinct number of branches is reduced along the principalsymmetry directions Γ-X and Γ-R. The phonon dispersioncurves show one important feature; the longitudinal optic(LO) and transverse optic (TO) phonon modes are split atthe zone center. For this material our calculated resultsfor the TO and LO modes at the zone center are 1.69 THzand 2.27 THz, respectively. The splitting between LO andTO phonon branches at the zone center is 0.58 THz. At theX point the calculated frequencies are 1.10 THz (TA),1.28 THz (LA), 1.27 THz (TO) and 2.09 THz (LO). There isno clear gap between the acoustic and optic branches forthe CsAu. An interesting feature is seen from the phonondispersion curves of CsAu in the symmetry direction ofΓ-R. At about q = 2× π

a (0.33, 0.33, 0.33), the LA branchcrosses the TA branches. Also, the LO and TO branchescross two times at about q = 2× π
a (0.32, 0.32, 0.32) and

q = 2× π
a (0.22, 0.22, 0.22).

Figure 4. Calculated phonon dispersion curves and phonon density
of states for CsAu.

The peaks were observed to be distributed mainly aroundfive frequency ranges in the total DOS in CsAu. First, thepeak located between 0.77 THz and 0.96 THz is due to thetransverse acoustic (TA) phonon modes. Second, the peakbetween 1.04 THz and 1.15 THz is also obtained mainly
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from the LA and TA phonon modes. The next peak, atabout 1.20 THz is significantly stronger and correspondsto the LA branch which is quite flat along the X-M andM-R directions. The sharp peak centered at 1.25 THz isdue to the flatness of the TO phonon modes along the X-Mand Γ-M directions. The last peak, between 1.58 THzand 1.84 THz is mainly a result of the LO phonon. Fig. 5depicts the shapes of these zone-center optical phononmodes. In this figure, while lower modes involve opposingvibrations of Cs and Au atoms in the z-axis, the highermodes involve opposing vibrations of Cs and Au atoms inthe x-axis.

Figure 5. Schematic eigendisplacements of vectors representing
optical zone-centre phonon modes for CsAu.

The phonon dispersion curves of CsAu in the CsCl struc-ture could not be compared with the experimental and the-oretical works, and therefore one cannot make any com-ment on the success of these ab initio calculations. Thecalculated phonon dispersion curves of CsAu compoundwill certainly be very useful for the interpretation of fu-ture experiments and theoretical works.
5. Conclusions
In this work, the structural, electronic, optical and dynam-ical properties of cubic CsAu crystal structure have beenstudied in detail using the density functional methods un-der the GGA. The results of implemented structural opti-mization under the GGA and the experiments agree witheach other well. Through calculation, it is found that thefundamental gap of CsAu crystal structure is indirect inthe symmetry direction of R→X in the BZ. The calculatedband gap by GGA is 0.91 eV at the R→X point and issmaller than the experimental result of 2.5 eV because ofthe discontinuity in the pseudopotential method. The lin-

ear dielectric function has been investigated as the func-tion of the photon energy. For the first time, the phonondispersion curves and density of states of CsAu in B2structure have been calculated and discussed in detail.Schematic illustration of the eigendisplacements of thephonon modes at Γ point are presented and discussed.
Acknowledgments
This research was supported in part by TUBITAK throughTR-Grid E-Infrastructure Project, Yuzuncu Yil Univer-sity Research Project Unit under 2010-FBE-YL072 andNo 2008-FED-B090 Project Number.
References

[1] V.E. Wood, J.R. Reitz, J. Phys. Chem. Solids 23, 229(1962)[2] W.E. Spicer, Phys. Rev. 125, 1297 (1962)[3] T.L. Liu, H. Amar, Rev. Mod. Phys. 40, 782 (1968)[4] C. Norris, L. Wallden, Phys. Lett. A 30, 247 (1969)[5] H.M. Huang, T.L. Liu, Phys. Lett. A 46, 295 (1973)[6] T.L. Liu, Phys. Rev. B 12, 3008 (1975)[7] A. Hasegawa, M. Watabe, J. Phys. F Met. Phys. 7,75 (1977)[8] G.K. Werhheim, C.W. Bates, D.N.E. Buchanan, SolidState Commun. 30, 473 (1979)[9] N.E. Christensen, J. Kollar, Solid State Commun. 46,727 (1983)[10] C. Koenig, N.E. Christensen, J. Kollar, Phys. Rev. 29,6481 (1984)[11] J.A. Rodriguez, J. Hrbek, M. Kuhn, T.K. Sham, J. Vac.Sci. Technol. A 11, 2029 (1993)[12] J. Robertson, Phys. Rev. B 27, 6322 (1983)[13] W.E. Spicer, A.H. Sommer, J.G. White, Phys. Rev. 115,57 (1959)[14] H. Hoshino, R.W. Schmutzler, F. Hensel, Phys. Lett.A 51, 7 (1975)[15] F. Wooten, G.A. Condas, Phys. Rev. 131, 657 (1963)[16] U. Heiz et al., J. Chem. Phys. 105, 5574 (1996)[17] A.F. Carley, M.W. Roberts, A.K. Santra, J. Phys. Chem.B 101, 9978 (1997)[18] M.V. Knatko, M.N. Labushkin, V.I. Paleev, Tech. Phys.Lett. 24, 390 (1998)[19] N. Troullier, J.L. Martins, Phys. Rev. B 43, 1993(1990)[20] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett.77, 3865 (1996)[21] M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias,J.D. Joannopoulos, Rev. Mod. Phys. 64, 1045 (1992)
1319



First-principles investigation of structural, electronic, optical and dynamical properties in CsAu

[22] X. Gonze et al., Comp. Mater. Sci. 25, 478 (2002)[23] W. Kohn, L.J. Sham, Phys. Rev. 140, A1133 (1965)[24] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13, 5188(1976)[25] S. Baroni, P. Giannozzi, A. Testa, Phys. Rev. Lett. 58,1861 (1987)[26] S. Baroni, S. de Gironcoli, A. Dal Corso, P. Giannozzi,

Rev. Mod. Phys. 73, 515 (2000)[27] H. Akkus, A.M. Mamedov, A. Kazempur, H. Ak-barzadeh, Cent. Eur. J. Phys. 6, 64 (2008)[28] J.L.P. Hughes, J.E. Sipe, Phys. Rev. B 53, 10751(1996)

1320


	Introduction
	Computational details
	Results and discussion
	Dynamical properties
	Conclusions
	Acknowledgments
	References



