PRAJNA - Journal of Pure and Applied Sciences V
ISSN 0975 - 2595

A LINEAR SCALING LAW FOR /

ol. 21

ALK/

13843 (2013)

ALINE-EARTH-METAL OXIDES:

A THERMODY

N.
Department of Physics, Sardar Patel Unive

AB

vibrational free energy and thus the entropy for its oxid
circumvents detailed calculations of lattice dynamics. We ol
and are discussed by treating these oxides within the propose

Keywords: Alkaline-earth oxides, phonon dynamics, thermodync

‘NAM

K. Bh
rsity, )

STRA

Density functional perturbation theory has been employed to comy
CaO and SrO) in their cubic Bl-phase. To solve Kohn-Sham dens
with non-linear core correction within the generalized gradient ap
properties were calculated within the harmonic approximation. The
systematic behaviour of these oxides. We propose that based on the |
these compounds can be used to predict ionic radius of divalent barium ion (Ba”), zero-point energy, and finite temperature
e, BaO

DSCIve

d linear

mics, [

11C ANALYSIS

att
‘allabh Vidyanagar 388 120, Gujarat, India

CT

ute phonon dynamics of alkaline-earth-metal oxides (MgO,
ty functional for core-electrons, ultrasoft pseudo-potentials
proximation were used. High temperature thermodynamic
se results are then used to scale vibrational free energy on the
Born effective charge, zero-point energy and reduced mass of:

. We show this simple scaling characterization procedure
qualitative agreement for the computed thermal properties,
rscaling criterion.

JN

INTRODUCTION

Although, the alkaline-earth-metal (A) binary
oxides (O) (AO = MgO, Ca0O, SrO, BaQ) adopt a simple
rocksalt crystal structure (also known as the B1-phase),
interest remains in studying their thermophysical
properties at high temperature and/or pressure. For
instance, thermo-elastic evaluation of MgO and CaO is
very important to explore properties of Earth's mantle [1]
under simultaneous high pressure and temperature. Also,
an increasing rise of performance-enhancing electronics
(microelectronics) coupled with improve ICs
performance constrained mostly due to the presence of
high temperatures well beyond the limits of conventional
Si-based electronics [2,3]. In this scenario, SrO and BaO
are emerging as potential candidates for buffer layerin the
epitaxial growth of multifunctional perovskite oxides on
silicon; they replace SiO, in metal-oxide-semiconductor
FET devices [3]. Thus, it is natural to examine the thermal
response of these oxides at high-T condition on
comparative merits for device engineering. In the present
study, however, we exclude thermal characterization of
BeO due to the following reason. It is known that for such
ionic solids, the electron density of the valence electrons
around the anions depends on the crystal structure. And
since BeO crystallizes in hexagonal B8-phase, we cannot
treat computed thermodynamic properties on an equal
footing with other AOs due to different structural
environment [4]. We also mention that Bonsquet et al. [5]
have identified the thermal strain-induced ferroelectricity
in the case of BaO; however, the present study is not
intended to discuss suchissues.

In the present paper, we therefore evaluate basic
thermodynamic properties of MgO, CaO and SrO in B1-
phase at finite temperatures using the harmonic
approximation (HA) for phonon dynamics. Lattice
dynamics is carried out using first principles density
functional perturbation theory (DFPT) employing the
generalized gradient approximation (GGA). Our interest
is not only to evaluate thermophysical properties at high-T
but also to draw general inferences for these oxides going
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from MgO — SrO in a systematic way. We also intend to
examine whether the unified approach to these AOs canbe
adopted to compute vibrational response, and in turn the
thermal properties without going in to details of actual
calculations of phonon dynamics. We show that such
unified approach leads to the vibrational free energy and
entropy of BaO at finite temperatures, in general
agreement with the recent ab initio calculations.

Computation

Alkaline-earth oxides (AOs) being ionic solids,
the electronic excitation is diminutive up to moderately

high temperatures (T £ Tm, the melting temperature).
Thus, the entire solid-state thermal properties can be
deduced from the lattice dynamics. In order to obtain
equilibrium ground properties, and the phonon dispersion
curve (pdc) and phonon density of state (p-dos), we have
employed ab initio pseudopotential density functional
theory [6]. To solve Kohn-Sham density functional for
core-clectrons, Vanderbilt ultrasoft pseudopotentials with
non-linear core correction within the GGA [7] were used.
We performed scalar relativistic calculations. A plane-
wave basis set with a kinetic energy cut-off of 180, 250
and 250 Ry wasused for MgO, CaO and SrO, respectively.
Convergence test of 8x8x8 Monkhorst-Pack k-point grid
forelectronic Brillouin zone (BZ) integration deduce total
energy to converge by 0.1 mRy. The ground state
structural parameters are determined by calculating the
self-consistent total energy in B1-phase. Atomic positions
for cation (A™) and anion (O™) are taken as (0, 0, 0) and
(Y4, Y2, 1), respectively. Once the total energy for different
cell volumes is obtained, it is fitted to the Murnaghan's
equation of state [8] to obtain equilibrium lattice
parameter a,, bulk modulus B, and its first order pressure
derivative B,".

The phonon spectra, the p-dos, and the effective
charge were calculated by using DFPT as implemented in
the Quantum Espresso code [6]. First, the dynamical
matrix elements were calculated ona 4x4x4 k-grid and the
real-space interatomic force constants were obtained by
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Fig: 1. Phonon dispersion curve and phonon density of
states at T=0K. Experimental data are from Ref. [23-25]
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Fig: 2. Lattice vibrational free energy for MgO
(continuous line), CaO (dotted line) and SrO (dashed line)
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Fig: 3. Internal energy for three AO. Lines have the same
meaning as the Fig: 2
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Fig: 4. Constant volume specific heat. Lines have the
same meaning as the Fig: 2. Horizontal line indicates
high-T Dulong-Petit limit. Experimental data for MgO are
taken from [26]
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Fig: 5. Entropy as a function of temperature. Lines have
the same meaning as the Fig: 2. Experimental data for
MgO[26]and SrO [27]
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Fig: 6. Variation of reduced mass as a function ionic
radius for A” ion. Filled square indicates the result for
BaOinB1-phase
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Fig: 7. Zero-point vibrational energy, E zp, and
dynamical effective charge, Z , (open circles) are plotted
as a function of ionic radius for A™ ion. Filled squares
indicate predicted values for BaO. Short-dashed lines
represent linear fit to the calculated results.

-0.001

-0.002

-0.003

-0.004

Scaled F_vib (R, a. u."”")

-0.005

-0.006 Ly
300 600

Temperature (K)

900 1200 1500

Fig: 8. Scaled vibrational free energy. (See text for more
details) Lines have the same meaning asthe Fig: 2.
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Fig: 9. Predicted phonon vibrational energy and entropy
(continuous lines) for B1- phase of BaO. First principle
results (dashed-dot lines) due to Lukacevi¢ [30] and
experimental datum (filled symbol) for entropy is from
Ref. [31].

Table: 1. Ground state properties of Alkaline-carth oxides

ay(A) | By(GPa) | B,
Present | 4.237 161.4 4.62
Mgo | Expt 4213 | 1603* | 4.15°
4254° | 1486° | 430°
Others | /500 | 14574 | 423
Present | 4.814 109.0 4.46
Expt. | 4.8118 1108 4268
Ca0 48107 | 111.99, | 439,
Others | 4.72, 128, 4119,
4.820% 102% 433
Present | 5.205 89.3 3.84
S0 | Expt. 5.16“; 9™ 430™
5.073°, | 92.61° .
Others 5.08° 105" 5.0

‘Ref.[9]. "Ref.[10], ‘Ref.[11], ‘Ref.[12], ‘Ref.[13],
Ref.[14]. *Ref[15], "Ref.[16], Ref[17]. ‘Ref.[18].
‘Ref.[19], "Ref.[20]. "Ref.[21], ‘0Ref [22]
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inverse Fourier transform. The phonon dispersion curves
were then obtained by interpolating the dynamical
matrices using these force constants.

From the calculated phonon density of states
g(w), the thermodynamic properties, ¢.g., vibrational
Helmholtz free energy F vib, internal energy E int,
constant volume specific heat C,, and entropy S as a
function of temperature are evaluated using the following

equations.
J}g(@)doa (1)

Here, k, is the Boltzmann constant, N is the
normalization constant, ® the phonon frequency, and
g(m)dow represents the p-dos in the frequency interval do
at . The constant N is determined such that [g()do=1.

fio
k,T

F vib(T) = 6Nk, T[In {2Sil’lh[

Other thermodynamic properties can also be obtained in a
similar fashion.
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Presently computed results for ground state
properties are presented in Table 1 for mutual comparison.
We see good agreement with experimental and other
theoretical results [9-22]. This gives evidence of accuracy
of the GGA and the pseudopotential used in the present
calculations. With equilibrium volume (V) in hand, we
proceed to calculate pdc and p-dos for MgO, CaO and SrO
in B1-phase. These results are compared with neutron
scattering data [20,23-25], and agreement is excellent for
all three oxides (Figure-1). In particular, the longitudinal
optical (LO) and transverse optical (TO) splitting of the
pdc compare nicely with the experimental findings. This
advocates the proper inclusion of many-body effect and
predicts correct field strength necessary to stabilize anion
in such ionic crystals. The positive frequencies of all
phonon modes indicate the dynamical stability of AOs in
B1-phase. Further, we have calculated partial density of
states (though these results are not shown in Fig: 1), the
light oxygen atom largely contributes to the high
frequency optical vibrations, while the alkaline-earth-
metal atoms dominate the acoustic branch of the pdc.
Accurate angular phonon vibrational frequencies allow,
for B1-phase, the simple calculation of the effective

#* . * 2 .
charge Z fromthe relation @2, -3, )- ﬂf/_el with pas
RV,

reduced mass and ¢ is the electronic charge. These results
are presented in Fig: 7 for latter discussion. Based on the
p-dos, it is now straight forward to compute basic
thermodynamic properties using equations (1)—(4).
Results for lattice vibrational free energy F vib (Fig-2),
the internal energy E int (Fig-3), the constant volume
specific heat C, (Fig-4), and the entropy S (Fig-5) show

excellent agreement with the available experimental data
[26,27]. The zero-point contributionto F_vib is plotted in
Fig: 7. In general, with initial positive contribution, F_vib
decreases with temperature crosses zero and finally
becomes negative above some characteristic temperature
of the material (below which is usually referred to as the

quantum regime). We see that from MgO — SrO the
characteristic temperature is decreasing. That is, the
heavier (larger reduced mass) the cation the smaller is the
characteristic temperature. Nevertheless, at higher
temperatures F_vib deceases monotonically for all AOs.
Similarly, above these temperatures for each AOs, the
internal energy linearly increases with temperature (witha
slope ky), indicating that the mean energy of a harmonic
oscillator is independent of frequency of oscillation.
Although, in the harmonic approximation, high-T limit of
C, isto approach Dulong-Petit law, it deviates strongly for
all AOs at low temperatures. Fig: 4 clearly advocates that
going from MgO — SrO the area between the constant
Dulong-Petit limit and the C, curve (region marked with
double sided arrow in the figure) decreases. In fact, this
arca gives the measure of characteristic thermal
contribution (k;0) to the quantum energy; the smaller the
area higher is the characteristic temperature 0, and vice
versa. For entropy also, we can infer such systematic
change going from MgO — SrO. In order to understand
and assess this general trend in these oxides, we need
parameters or criteria. It is obvious that with heavier
alkaline-carth elements, reduced mass will increase. As
shown in Fig: 6, when it is plotted as a function of cube
rootof ionic (Alﬂ) radius (R,) of the cations, it increases

linearly with R2. The lincar-fit to these data gives 98.4%
correlation. When the value of pfor BaO is inserted in the
linear-fit to these data, it predicts 2.7014 a.u. ionic radius
for Ba™. The experimental [28] datum of the same is 2.703
a.u. This observation gives confidence in selecting

and R as parameters to judge the systematic behaviour of]
these oxides. Further, Ohta et al. [29] have studied divalent
ions substituted single crystals
.95(Na, Bi,,)TiO,—0.05(M)TiO, perovskite, where M
represents Ca, Sr or Ba. They employed inelastic light
scattering technique for measuring the dielectric constant,
and the Raman and the Brillouin scattering in order to
investigate the difference in the substitution effect among
Ca”, Sr”’, and Ba” ions on the electric property, the
acoustic phonon and the optical phonon. They found the
dielectric constant along the c-axis increase with
increasing radius of substituted ions. Motivated by this
observation in the present study, we have plotted, a rather
closely related physical property the effective valence

Z") of cations versus R§ in Fig: 7. We find Z" scales

linearly with & also. Finally, in order to have proper low-
T dependence of vibrational free energy, we have plotted

the R dependence of zero-point vibration energy, see Fig:
7. Linear dependence of Z and E_zp is used to estimate Z~
and E zp of BaO. For instance, the present zero-point
energy 4.351 mRy compares within the 3.3% with recent
ab initio findings [30], 4.494 mRy. Based on the linear

1
scaling of i, Z" and E_zp with respect to R; we have scaled
vibrational free energy F_vib by multiplying with a factor
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i% These results for scaled F_vib at different temperature

Z
minus the scaled F vib at T = 0 K for three AOs are
presented in Fig: 8. One can notice that all three graphs
very similar to each other with maximum deviation from
lowest to highest values is about 16.7% at T=1000 K. This
universal behaviour of lattice vibrational free energy can
be fitted to the cubic polynomial of the type F(T) = aT’+
bT* + cT; with fitting parameters a=1.9591.10"2 b=—4.5618.10"

¢=3.6045.10"with appropriate units. Including the deviation
ingraphs of scaled F_vib, our careful analysis these fitting
parameters suggests that the F(T) can be reliable within
the 24%. Using this scaling law, the phonon thermal free
energy and then determined entropy are compared in Fig
9 with recent full lattice dynamics based findings [30]
Only qualitative agreement is observed with other
calculated thermal properties. The discrepancy observed
in computed results can be attributed to the poor
estimation of Z through much simpler method. Present
result for effective charge is too small compared to 1.96
2.39, and 2.49 for MgO — SrO, respectively, reported by
Bousquet et al. [5]. These authors have attributed high Z
to oxygen 2p-metal d hybridizations to atomic
displacements. In order to calculate this effect accurately
one requires knowing the response of ions to the external
electric field of surrounding ions. However, no such
attempt was made in the present study, and only simplet
formula was used to estimate Z'. Thus, inaccuracy in the
scaling factor Z'is reflected in other properties.

Summary and Conclusion

We have employed first principles
pseudopotentials DFPT technique to compute phonon
dynamics of cubic MgO, CaO and SrO. Their high-T
thermodynamics is deduced within the harmonic
approximation. We have then proposed a simple lincat
scaling criterion to estimate thermal properties of these
oxides. A simple scheme which relies on scaling factor
made up of ionic radius, reduced mass, effective charge
and zero-point energy is applied to BaO. The scaling law
is based on the observation that, ¢.g., polarizability of
these oxides and therefore other optical and electric
properties increase going from BeO — BaO indicating a
systematic change in observed properties. However, duc
to different crystal structure (B8-phase), the same lincat
scaling may be a suspect, and we have excluded BeO from
our scheme. Results for vibrational energy and entropy for
BaO shows general trend in agreement with recent lattice
dynamical based findings [30]. Discrepancies in these
results can be attributed to poor estimation of Z', and may
be uncertainty in determining R, for cations. In the present
study, the chosen R, was for divalent cations, while the
effective charge is different. Thus one may expects
change in R, too. Nevertheless, considering the
mathematical ease, we believe that the present scaling
scheme is satisfactory. We further conclude that based on
similar argument and through systematic comparison
among same group compounds one can estimate different
physical properties as well.
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