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Abstract

The elastic, thermodynamic and optical propertiefigP have been studied for the first
time using the plane-wave ultrasoft pseudopotemgietinique which is based on the first-
principles density functional theory (DFT) withinemeralized gradient approximation
(GGA). The optimized lattice parameters, indepeh@dastic constants, Young’s modulus
E, bulk modulusB, shear modulu§, Cauchy’s pressure, Pugh’s ductility ind&4E), and
Poisson’s ration have been calculated and discussed. The temperatul pressure
dependence of bulk modulus, Debye temperature,ifgpbeats, and thermal expansion
coefficient are all obtained through the quasi-harim Debye model with phononic effects
for T=0-1000 K andP = 0—35 GPa. The large reflectivity in the ultravioleteegy region
between 7-13.4 eV indicates the material to bead gandidate as coating to avoid solar
heating.
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1. Introduction

Lithium phosphide has been introduced as a gooit iconductor [1]. The preparation,
characterization and conductivity measurementsitbfum phosphide (lP) made it
possible to monitor the transition from ionic totaikc conductor [2]. LiP crystallizes in
the hexagonalsX (A = alkali metals;X = group 15 elements) structure wils/mmc
space group [3-4]. The crystal structure consistsiband P ions which are stacked in
two kinds of alternating layers perpendicular te thaxis. The first layer is made up of a
graphite-like Lil and P (layer I) and the secongefais composed of a chair form
cyclohexane-like Li2 (layer II). P atoms are sumded by five Li atoms in a trigonal-
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bipyramidal arrangement. Three Lil atoms in layfarin an equatorial triangle around P
and two Li2 atoms forming layer Il are axial to thid triangle. Theatomic positions of
Lil, Li2 and P atomsin Li;P are (0, 0, Y), (1/3, 2/3, 0.5839) and (1/3, 2/3, Y4),
respectively [5]. Solid electrolytes with high ionic conductiyiare required for high
energy density lithium batteries.

There is a growing need for high energy densityteli@s for application in
microelectronic devices, power tools, and evendasgale energy storage systems [6].
Advanced batteries such as, lithiated graphitelselectrolyte/metal oxides, are very
promising, nonpolluting, high energy power sourc&alid electrolytes have many
advantages over liquid electrolytes in terms ofgteflexibility and miniaturization of the
electronic devices. Solid electrolytes can be madehin film configurations which
provide a low ohmic resistance [7]. The ionic cocttity of many available solid
electrolytes is too low (at ambient temperature)bto useful for high energy power
sources. Commercial development of a solid st#teutn battery relies on the successful
development of a solid electrolyte with high iop@nductivity [8]. During last few years,
the search for new ion conducting materials hasuded on a series of metallate,
phosphate, sulphate, silicate and borate glas$eAr®ng these materials 48 is one of
the most important ionic conductors and it can bedufor solid state lithium batteries.
Nazri et al. [10] has used LP ionic conductor during preparation of;RiLiCl solid
electrolyte for solid state lithium batteries.

The theoretical and experimental studies have bperformed to investigate
structural and electronic properties [6-8] ogR.i Besides the structural and electronic
properties, the study of elastic, thermodynamic aptcal properties of LP are also
important for practical applications. But there m® experimental and theoretical
information on elastic, thermodynamic and opticadgerties of LiP. The knowledge of
elastic constants is essential for many practiggllieations related to the mechanical
properties of materials, e.g. load deflection, sbwelocities, internal strain, thermo-
elastic stress. These also offer important informmategarding the degree of anisotropy
which is known to correlate with a tendency to eittductility or brittleness. The
microscopic thermodynamic properties are closdpted to the microscopic dynamics of
atoms. Thermodynamic properties of solid materaus directly related to the quanta of
lattice vibrations known as phonons. Phonons direcontribute to a number of
phenomena such as the thermal expansion, temperatependence of mechanical
properties, phase transitions and phase diagrahesspecific heat of a material is one of
the most important thermodynamic properties indicpits heat retention or loss ability.
On the other hand the optical properties of sqfidsvide an important tool for studying
energy band structure, impurity levels, excitongalized defects, lattice vibrations, and
certain magnetic excitations. The optical condiitior the dielectric function indicates a
response of a system of electrons to an appliddi fie

In this work, the elastic properties such as indépet elastic constants, Young's
modulus, ratio of the shear modulus to bulk modulBsigh’s indicator), Cauchy’s
pressure, Poisson’s ratielastic anisotropy are calculated for the firandi The
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thermodynamic properties such as bulk modulus,iipéeat capacitiesGy, Cy), volume
thermal expansion coefficient and Debye temperatatreelevated temperature and
pressure are calculated and analyzed for the tfire# by using quasi-harmonic Debye
model. The optical properties such as reflectivélysorption, refractive index, dielectric
function, conductivity and loss function are aldadéed for the first time using DFT
within the generalized gradient approximation (GGmethod as implemented in
CSATEP code atf = 0 K.

2. Theoretical methods

The present results have been obtained using CA0E® [11] which utilizes the plane-
wave pseudopotential based on density functiorsdrth(DFT). The electronic exchange-
correlation energy is treated under the generalgredient approximation (GGA) in the
scheme of Perdew-Burke-Ernzerhof (PBE) [12]. Theeractions between ion and
electron are represented by ultrasoft Vanderbjietpseudopotentials for Li, and P atoms
[13]. We have got a good convergence for the tema&rgy calculation with the choice of
cutoff energy at 300 eV using the 7x7X#point grids generated according to the
Monkhorst-Pack scheme [14]. Geometry optimizatisnachieved using convergence
thresholds of 5x1BeV/atom for the total energy, 0.01 eV/A for thexinaum force, 0.02
GPa for the maximum stress and 5%#0for maximum displacement. Integrations in the
reciprocal space were performed by using the tethan method with &mesh of 20k-
points in the irreducible wedge of Brillouin zor8Z). The total energy is converged to
within 0.1mRy/unit cell during the self consistermycle.

The thermodynamic properties have been studiedimttte quasi-harmonic Debye
model implemented in the Gibbs program [15]. Théaitled description of the quasi-
harmonic Debye model can be found in the literaf@@&19]. Through this model, one
could calculate the thermodynamic parameters imetudhe bulk modulus, thermal
expansion coefficient, specific heats, and Debyeptrature etc. at any temperatures and
pressures using the DFT calculate¥ data atT = 0 K, P = 0 GPa and the Birch-
Murnaghan EOS [20].

3. Resultsand discussion
3.1. Structural properties

Experimental studies have established thaP ldrystallizes in hexagonal structure with
space grougP6/mmc (194) and has 8 atoms in one unit cell. We hawéopeed the
geometry optimization as a function of the norntedss by minimizing the total energy.
The calculated equilibrium lattice constants witlh@GA are listed in Table 1. Results
from earlier experimental works are quoted for cangon. The present results agree
reasonably with the experimental results [2, 5].
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Table 1. Calculated lattice paramet(d), ¢ (A), elastic constant§; (GPa), bulk modulB
(GPa), shear modu (GPa), Young's modul (GPa), and Poisson’s ratidor LisP atT = 0 K.

Compound a c Cu (D) Ciz  Cs: Cus B G E v
LisP 4.24 761 1014 192 0.24 98.2 23.72 37.43 34.47 79.13 0.15
423  7.56 - - - - - - - - -
427 759 - - - - - - - - -
a-LisN - - 122.§ 246 54 1295 16.6 - - - -
B-LisN - - 131.§ 28.8 8.7 1804 37.r° - - - -

a: [5], b: [2], c: [21]
3.2. Elastic properties

The elastic constants define the properties of nadtinat undergoes a stress, deforms and
then returns to its original shape after stressegalhese properties play an important
part in providing valuable information about theding characteristic between adjacent
atomic planes, anisotropic character of binding stndctural stability. The elastic moduli
require the knowledge of the derivative of the ggexs a function of the lattice strain. To
study the elastic properties of;RiatT = 0 K andP = 0 GPa, the elastic consta@s bulk
modulus B, shear moduluss, Young's modulusk, and Poisson’s rati® have been
calculated for the first time. Theoretical detads elastic constants can be found
elsewhere [22, 23]. The elastic constants gPldalculated within GGA are reported in
Table 1. Till date, no experimental or theoretidala for the elastic stiffness are available
in the literature for comparison with our data. &sesult our calculations can provide
reference data for future investigations. Howevaces Li;N is also an ionic conductor
like LisP, we have compared our calculated elastic corssteittt those of LN [21].

The theoretical polycrystalline moduli for ;B may be computed from the set of
independent elastic constants. Hill [24] proved tha upper and lower limits of the true
polycrystalline constants are expressed from Vagid Reuss equations. So the
polycrystalline moduli are defined as the averagies of the VoigtRy, G,) and Reuss
(Bgr, Gr) moduli. According to Hill's observation, the valwf bulk modulus (in GP& =
By = (By + Bg)/2 (Hill's bulk modulus), wher®, andBg are the Voigt's and the Reuss’s
bulk modulus respectively. The value of shear masi@ = Gy = (Gy + Ggr)/2 (Hill's
shear modulus), wher&, and Gr are the Voigt's and the Reuss’s shear modulus
respectively. The expressions for Voigt and Reussluti can be found in Ref. [21].
Using the two formulasg = 9BG/(3B + G) andv = (3B - E)/6B, the polycrystalline
Young’s modulus (in GPa) and the Poisson’s rati@re obtained and given in Table 1.

The condition for mechanical stability is tH&tC,,-C,» andC,4 are positive [25]. It is
found that LiP is mechanically stable becauBe C;;-C;, and C,44 are positive. The
ductitle-brittle nature of materials can be diseasin terms of elastic constants of the
relevant material. If the Cauchy’s pressute-{C,4) is negative (positive), the material is
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expected to be brittle (ductile) [26]. In the pmeisease this value is negative and it
indicate that LiP is brittle. Another index of ductility is Pughratio [27] and a material
behaves in a ductile manner, @B < 0.5, otherwise it should be brittle. The critical
number which separates the ductile and brittle foaad to be 0.57 [28]. Thus the value
of 0.92 for LgP thus indicates its brittle behavior. The elastiisotropy of crystal,
defined by the ratid\ = 2C44/(Cy1 - Cy2) [29], yields a value of 0.58 fak. The factorA =

1 represents complete isotropy, while value smallegreater than this measures the
degree of anisotropy. ThereforegRishows strong anisotropic behavior. The parameter
kifka = (C11+C12-2C13)/(C33—Cy3) expresses the ratio between linear compresgibilit
coefficients of hexagonal crystals [29]. From oatadthe value ok/k, (= 1.6) indicates
that the compressibility for LP alongc axis is greater than alorgaxis.

3.3. Thermodynamic properties

The investigation of thermodynamic properties urtiigh temperature and high pressure
requires the application of quasi-harmonic Debyepraxmation [15]. The
thermodynamic properties of J# have been investigated by using this model anthie
we first deriveE-V data obtained from Birch-Murnaghan equation ofesfa0] using zero
temperature and zero pressure equilibrium valagsy/o, By, based on DFT method. Then
in order to get different thermodynamic propertigs finite-temperature and finite-
pressure, we apply the quasi-harmonic Debye mad&thich the non-equilibrium Gibbs
function G*(V; P, T) can be written in the form [15]:

G*(V; P, T) =EWV)+ PV + A,;,[0(V); T] (1)

whereE(V) is the total energy per unit ceRV corresponds to the constant hydrostatic
pressure conditior@(V) is the Debye temperature, afg, is the vibrational term, which
can be written using the Debye model of the phatensity of states as [15]:

Ayip(©:T) = nkT Eg +3In (1 — exp (- %) - D(@/T)] 2)

wheren is the number of atoms per formula uli{®/T) represents the Debye integral.

The non-equilibrium Gibbs functio®*(V; P, T) can be minimized with respect to
volume V to obtain the thermal equation of statéP, T) and the chemical potential
G(P, T) of the corresponding phase. Other macroscopic ptiepecan also be derived as
a function ofP andT from standard thermodynamic relations [15]. Herecamputed the
bulk modulus, specific heats, Debye temperature antime thermal expansion
coefficient at different temperatures and pressures

Fig. 1 shows the temperature and pressure depenéiénik modulusB and Debye
temperaturefor LigP. It is seen that bulk modulus and Debye temperatiecreases
smoothly with increasing temperature. Inset shohs pressure dependent of bulk
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modulus and Debye temperature at 300 K. We seeBttzatd Debye temperature both
decreases slightly with increasing temperature.
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Fig. 1. The temperature dependence of (a) bulk masdand (b) Debye temperature ofRiatP = 0
GPa. The insets to the figure show the pressurerdigmce oB and &, respectively at 300 K.

The thermal effect on the heat capacitigs Cp of LizP are shown in Fig. 2 (a, b). At
high temperatureT(> 400 K), the constant volume heat capa€ifytends to the Dulong
and Petit limit ofCy = 3nNkg = 99.74 J/mol.K. At sufficiently low temperaturgy is
proportional toT®. For a given temperatur€, decreases with increasing pressure. The
difference betweef, andCy for LigP is given byCp - Cy = o*(T) BTV, which is due to
the thermal expansion caused by anharmonicity &ff8these results show the fact that
the interactions between ions insRihave great effect on heat capacities especialona
temperatures. There is no theoretical or experiatertiue of specific heat capacities of
LisP for comparison with the present calculated result
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Fig. 2. The temperature dependence of specific aeg) constant-volum€,, and (b) constant-
pressureCy of LisP.
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The volume thermal expansion coefficiemtreflects the temperature dependence of

volume at constant pressure:zé(‘;—‘;) . The temperature dependence cofat zero
P

pressure is displayed in Fig. 3 (a). The thermalesion coefficient of LP increases as
the temperature increases. At a given temperatrelecreases drastically with the
increase of pressure. Fig. 3 (b) shows the presdependence of thermal expansion
coefficient at 300 K. It is well known that temptn@ and pressure effects on the volume
are opposite. The increase in temperature can calaee expansion and increase in
pressure can suppress this effect. At high tenyes and high pressures, the thermal
expansion would converge to a constant value. @ivan pressurey increases sharply
with the increase of temperature up to 300K. When 300 K,a gradually approaches a
linear increase with enhanced temperature and tbpepsity of increment becomes
moderate, which means that the temperature depeedeha is smaller at higher
temperature.
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Fig. 3. The volume thermal expansion coefficierdf Li;P as a function ofa) temperature and (b)
pressure at 300K.

3.3. Optical Properties

The imaginary part of the dielectric functiaa(w) is calculated using the expression
given in Ref. [11]. The real pagi(w) of the dielectric function can be derived frone th
imaginary part using the Kramers—Kronig relatiorork the real and imaginary parts of
the dielectric function one can calculate the @fva index, reflectivity and electron
energy loss spectra using the expressions givétefn[11]. The imaginary path(m) is
obtained from the momentum matrix elements betwkemccupied and the unoccupied
electronic states and calculated directly using:[11

&(w) = (2e°1/Qe) Xyl Wk lw Ty 1?6 (Ex — EY — E) ®3)

whereu is the vector defining the polarization of the gt electric fieldw is the light
frequency.e is the electronic charge angf andyy are the conduction and valence band
wave functions &k, respectively.
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The optical functions of LP have been calculated for photon energies up te\2for
polarization vectors [100] and [001] and only spadbr [100] are shown in Fig. 4. We
have used a 0.5 eV Gaussain smearing for all aloak. The imaginary and real parts of
the dielectric function are displayed in Fig. 4. @)om Fig. 4 (a) it is found that the real
part of the dielectric function vanishes at 13.4 &kis value corresponds to the energy at
which the reflectivity exhibit sharp peak shownhkig 4 (e). The refractive index and
extinction coefficient are illustrated in Fig. 4)(fThe static refractive index is found to
have the value 2.76. The calculated optical condtictat T = 0 K andP = 0 GPa is
presented in Fig. 4 (c). The optical conductivigsha humber of maxima and minima
within the energy range studied. The absorptiorctspds depicted in Fig. 4 (d) and it
observed that absorption is maximum (23%) arouall @nergy region.

Fig. 4 (e) shows the reflectivity spectra as a fiomcof photon energy and it is found
that a large reflectivity is obtained between 7184 eV. This large reflectivity implies
that LikP material would be a good reflector material i tiftraviolet region. The electron
energy loss function describes the energy loss fasgelectron traversing in a material.
The peaks in this spectrum represent the charstiterassociated with the plasma
resonance and the corresponding frequency is theaked plasma frequencsy. The
peaks of energy loss correspond to the trailingesdigp the reflectivity spectra, for
instance, the prominent peaks of loss are situattethergies corresponding to the abrupt
reduction of reflectivity. From Fig. 4 (f) it sedimat the plasma frequency forsBiis 13.4
ev.
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Fig. 4. Energy dependent (a) dielectric functids), refractive index and extinction coefficient, (c)
conductivity, (d) absorption, (e) reflectivity, af® loss function of LiP along [100] direction.
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4. Conclusion

First-principles calculations based on DFT have nbesed to study the elastic,
thermodynamic and optical properties ofR.i The material is elastically anisotropic and
shows brittle behavior. The finite-temperaturelQ00 K) and finite-pressurec 35 GPa)
thermodynamic propertie®.g. bulk modulus, Debye temperature, specific heats, an
thermal expansion coefficient are all obtained tigio the quasi-harmonic Debye model,
which considers the vibrational contribution, ahd tesults are analysed. The variation of
Op with temperature and pressure reveals the chalegeditration frequency of the
particles in LiP. The heat capacities increase with increasingeeature, which shows
that phonon thermal softening occurs when the teatpee increases. From the analysis
of optical functions for the polarization vecto®0D], it is found that the reflectivity is
high in the ultraviolet region and it implies tHagP can be used as a coating material.
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