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The electronic and optical properties of cubic StHfO; under the variation of pressures were investigated by first-princi-
ples calculation within the framework of generalized gradient approximation (GGA). The calculated equilibrium lattice
constant of cubic SrHfOj is in good agreement with available experimental and theoretical results. The result shows that
SrHfO; is an insulator with an indirect band gap up to 20.00 GPa, along (M —I'). While the application of pressure above
20.00 GPa the band gap changes to direct band gap, along (I' — I'). The band gap increases from 3.80 eV to 4.11 eV with

the increase in pressure from 0.00 GPa to 35.00 GPa. In order to understand the optical properties of StHfO; perovskite,
the dielectric function, optical conductivity and electron energy loss are calculated for photon energy up to 14.00 eV. We
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have also observed the decrease in static dielectric constant with the increase in energy band gap under pressure.

© 2016 Published by Elsevier Ltd.

1. Introduction

In the last decades varieties of perovskite materials have been stud-
ied theoretically and experimentally [1-4]. ABX; (X=F, CL I, H,
O, etc.) perovskite-type compounds have gained much attention be-
cause of their diverse properties and potential technological appli-
cations in opto-electronic solid-state devices. Among the perovskite
compounds, oxide perovskites (ABO;) exhibit a variety of interest-
ing physical properties, which can be exploited in a wide range of ap-
plications such as optoelectronic, spintronic, thermoelectric, high-di-
electric, ferroelectric/piezoelectric and multiferroic materials [5-8],
etc. The ideal cubic structure of ABOj is simple, with B-O octahedra
and the A cations sitting in the space between the octahedra [9,10].
The ABO; oxides with direct band gaps (>3 eV) have strong stabil-
ity against high temperature and strong radiation. Thus the wide band
gap ABOj; oxides are potential candidates for next generation UV pho-
todetectors, vacuum-ultraviolet light emitting (VUVLEDs) devices,
due to their multi-coupling property and the multi-freedom manip-
ulating [11,12]. Yoshino et al. has reported that SrZrOs is suitable
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for hydrogen absorption thus it may have many potential applications
for fuel cells, steam electrolysis and hydrogen gas sensors [13]. On
the other hand SrTiO; is only a room temperature ferroelectric un-
der strain [14]. Moreover earlier studies revealed that StHfO; per-
ovskite is a most promising candidate due to their large dielectric con-
stant and sufficient band offsets for electrons and holes which can be
use as a gate dielectric material in complementary metal-oxide-semi-
conductor (CMOS) integrated circuit technology [15-17]. In recent
years, there is a tremendous interest in generating the high permit-
tivities by epitaxial growth of perovskite oxides, such as SrTiO;, Ba-
TiO;, etc., on semiconductors [18-20]. Similarly, StHfO; films have
high-k gate dielectric on Ge, with band offsets (>2 e¢V) and low leak-
age current (<105 A/cmz) at an applied field of 1 MV/cm [21]. Sta-
chiotti et al. studied the cubic phase of SrHfO; from DFT calcula-
tions and reported ferroelectricity due to the temperature-dependent
soft mode at zone-center [22]. Many researchers are interested to study
the physical properties of deformed perovskite oxides with phase-tran-
sitions. In this regard many perovskites were studied and revealed
tilt distortion of BOg4 octahedra on treatment with temperature which
results in ferroelastic and corresponds to anti-ferrodistortive (AFD)
[23-25]. Guennou et al. studied the phase stability of cubic CaTiO;
under pressure and reported the cubic phase stability up to 60 GPa
[26]. However most of the perovskites undergoes structural distor-
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tions from this parent cubic structure, which can be driven by ex-
ternal parameters such as temperature, pressure, stress etc. While
Vali has reported phase transitions of SrHfO;, which can exist in
Pnma(637-873 K), Cmem(873—1023 K),  I4/mem(1000-1360 K),
Pm3m (1360 K <) phases [27]. As SrHfO; has an identical crystal
structure to CaTi0;/BaTiO;/SrZrO5 [26,28], we can perform the sim-
ilar investigation. So far, the detailed study of cubic SrHfO; under
pressure have not yet been carried out. As to know the insight of a
material's properties for their technological application it is important
to understand the structural behavior and inter-atomic bonding un-
der compression. Therefore, we have performed the full potential lin-
earized augmented plane wave (FP-LAPW) method based on density
functional calculations to analyze the influence of the pressures' effect
on the structural, electronic and optical properties of cubic STHfO;.

2. Computational details

The primitive cell of SrHfO; is of cubic structure (space group
Pm3m) with Hf-O octahedra, cations Sr sitting on the either sides.
The unit cell crystal structure of StHfO; generated from a 3D visu-
alization program package (VESTA) [29] is presented in Fig. 1. The
electronic structures are calculated by adopting the full potential lin-
earized augmented plane wave (FPLAPW) method for KS-DFT, as
implemented in the WIEN2K package [30]. The generalized gradi-
ent approximation (GGA) is used to describe the electron exchange
and correlation. Nonspherical contributions to the charge density and
potential within the muffin tin (MT) spheres are considered up to
Lnax = 10 (the highest value of angular momentum functions). The
cut-off parameter is R;; X K.« = 7 where K, ., is the maximum value
of the reciprocal lattice vector in the plane wave expansion and R, is
the smallest atomic sphere radii of all atomic spheres. In the intersti-
tial region the charge density and potential are expanded as a Fourier
series with wave vectors up to G,,,. =12 au’'. Brillouin-zone inte-
grations are approximated by using 10000 k-points from Monhkorst
Pack scheme [31] which generated 24 x 24 x 24 k-mesh. The num-
ber of k-points used in the irreducible part of the Brillouin zone is
286. The criteria for the convergence of the self-consistent DFT cal-
culation is 0.0001 Ry in total energy. Based on Murnaghan' s equa-
tion of state [32] volume optimization has been performed to ob-
tain the ground state lattice parameters. The volume versus energy
plot is shown in Fig. 1. Our calculated lattice constant is 4.161 A
which is in good agreement with the previous report 4.167 A [33],
4.114 A [22], 4.117 A [34], 4.087 A [35]. In order to examine the
ground state alloying stability of SrHfOj; structure the formation en-

ergy (A E) is calculated at different pressures. The formation energy
gives an idea about the existence of stable crystal. Furthermore, the
negative values of A E indicates stronger bonding between the atoms
and more alloying stability of the crystal [36]. The energy of forma-
tion (A E)) of a compound SrHfOj is calculated by subtracting the sum
of the energies (Eg, + Ey+ 3E() of pure constituent elements in their
stable crystal structures from the total energy (E/) of the compound.
Therefore, the A E; of the compound SrHfOj; is calculated using the
following expression [37,38]:

(Eg, + Ey+ 3Ep)

AEf:Ef_ (I1+1+4+3) )

The calculated formation energy, individual energies of element
(Sr, Hf, O) and volume of SrHfO; under pressure are presented in
Table 1.

3. Results and discussions

We have performed the ground state structural relaxation using
Murnaghan's equation of state to obtained the optimized lattice pa-
rameters. The electronic and optical properties of cubic StHfO; was
carried out with the optimized lattice constant. An attempt is made to
study the effect of compression on the electronic and optical proper-
ties. The applied pressure varies from 0.00 GPa to 35.00 GPa, keeping
in mind that the cubic structure remain intact. The pressure 0.00 GPa
is considered for the ground state stable structure. The application of
pressure decreases the volume of the crystal structure as usual, which
is shown in Table 1.

3.1. Electronic properties

In this section we have discussed the electronic structure of STHfO4
at different pressures. The formation and widening of band gap in
SrHfO; with the increase in pressure is a key issue. As we have ob-
served the compression on the system increases the band gap. Our
calculated band gap increases from 3.80 eV to 4.11 eV with the ap-
plication of the pressure (0.00 GPa—35.00 GPa), Table 2. The den-
sity of states (DOS) and energy band structures under the applied
pressure are given in Figs. 3 and 5, where the E. coincides with the
top of the valence band (O-p). Throughout the calculations the po-
sition of the maxima of valence band (VB) remain the same (O-p
states). But we have observed the shifting of minima (d-t,,) towards
the higher energy range in conduction band (CB) with the application

Fig. 1. Unit cell structure of SrHfO; with Hf-O octahedra.
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Volume of unit cell, Individual energies (Sr, Hf, O), AE;(Ry), AH,= AE/Vol (Ry/a.u.j).

Pressure  Volume A H(Ry/
(GPa) (aAu43) Energy (Ry) AE/(Ry) a.u.”)
Sr Hf O
0.00 486.60 —1685.611 —7952.669 —36.616 —27259.541 —56.020
5.00 47420 —1685.254 —7951.993 —36.583 —27260.671 —57.488
10.00 466.28  —1685.035 —7951.579 —36.563 —27261.352 —58.466
15.00 45552 -1684.771 —7951.089 —36.537 —27262.182 —59.845
20.00 449.80 —1684.537 —7950.647 —36.515 27262916 —60.612
25.00 445.60 —1684.359 7950315 —36.498 —27163.466 —61.184
30.00 438.22 —1684.009 —7949.664 —36.464 —27264.547 —62.202
35.00 431.82 —1683.907 —7949.472 —36.454 —27264.861 —63.140
Table 2

Energy band gap (* sign indicate orthorhombic structure), Static dielectric constant ¢,
(0), Bond length (dg,—¢, dyr0)-

Pressure dg—o dyeo  dyo(A) SIXO;
(GPa)  Energy gap (eV) g0 A A (X = Ru,Hf,Zr,Ti) [13]
Previous

Present (0.00 GPa)
0.00 3.800 3.74[33] 3.625 2947 2.084 dg._o =2.96(0.00 GPa)
500 3875 3.60[46] 3.610 2914 2060 dg._o = 1.98(0.00 GPa)
10.00 3.925 321[44] 3.600 2893 2.046 dppo =2.06(0.00 GPa)
1500 3975 3.67[22] 3.585 2871 2029 dg_o = 2.09(0.00 GPa)
2000 4000 320[47] 3.572 2850 2015 dgy_o = 2.00(0.00 GPa)
25.00 4.050  3.29 [45] 3.554 2.835 2.005
30.00 4.100  *6.10[48] 3.540 2.807 1.985
35.00 4.110  *6.50[49] 3.530 2.797 1.978

of pressure as shown in the inset Fig. 3(a). The Sr-p states have very
small contribution near the E; Fig. 3(b), Sr-p states are grouped at
around (12—15) eV in the valence region (not shown in the figure).
In general, the opening of the wide band gap in the perovskite is due
to the electro-negativity of oxide [39-42]. The oxide perovskite forms
the feeble metal-oxide covalent bond. The formation of band gaps are
studied on the basis of the bond strength and bond lengths, but with
the effect of compression. As reported by Lee et al. the increase in the
bond length, decreases the bonding energy as the strength of the co-
valent bond increases, consequently a smaller band gap [43]. In our
calculation we have observed the decrease in the bond lengths for
both Sr-O and Hf-O under compression. The calculated bond lengths
are in good agreement with the previous results [13], see Table 2. As
shown in Figs. (2b—4), the bond length is decreasing while the band
gap is increasing with the compression, which is well justified to the
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findings of Lee et al. The d-t,, orbitals of the transition metal (Hf)
ion forms the conduction band minima (CBM) whereas the maxi-
mum occupied states in the valence band (VBM) is formed by the
anionic O-p orbitals below E; Fig. 3(c and d). The energy differ-
ence between the CBM and VBM leading to the formation of the
band gap along the M — I" symmetry, as the pressure increases from
0.00 GPa to 20.00 GPa, Fig. 5(a and b). This gives an indirect band
gap which is formed by the charge transfer between O-p and Hf d-t,,.
The applied pressure above 20.00 GPa transform the band gap from
indirect to direct transition along I — I" symmetry Fig. 5(c and d).
Similar result has also been reported by Feng et al. [44]. The calcu-
lated band gaps are in good agreement with the previous theoretical
results [22,44-47] and tabulated in Table 2. However the band gap
of orthorhombic SrHfO; determined from x-ray photo-electron spec-
troscopy experiments are 6.1 eV [48] and 6.5 eV [49] larger than that
of cubic StHfO;. The underestimated band gap from DFT-GGA is as
usual as it fails to accounts all the electrons residing in the interstitial
region. To get better band gap an orbital independent exchange poten-
tial beyond GGA has to be consider within DFT. The cubic SrHfO,
is an insulator by virtue of charge transfer. Though the oxides' elec-
tro-negativity is not as high that of halides, the covalent character still
prevail and the orbital hybridization between O 2p and Hf-d orbitals
occurs [50,51]. The Hf-d orbitals are more extended which results in
weaker electron-electron interaction but stronger p-d hybridization ef-
fects than those of the 3d transition metal oxides [52]. A report from
pseudopotential theory predicts that the hybridization strength is in-
versely related to bond length (dg_,) [53,54]. This relation states that
the decrease in the bond length increases the energy of p-d hybridiza-
tion. Hence, a significance bond length and the p-d hybridization ef-
fect plays an important role in determining the electronic structure of
an oxide perovskite. The conduction band is due to the partially oc-
cupied or unoccupied states. With the increase in applied pressure the
strength of the hybridization increases which enhanced the hybridiza-
tion between Hf (d-t,,) and O-p electrons which give rise to an anti-
bonding 7* and ¢* bands. The antibonding creates high energy as a
result the p-d hybridized bands are pushed up in the energy level away
from E, subsequently widening the band gap.

3.2. Optical properties

Optical properties, is one of the most important properties of per-
ovskite oxides. The optical properties are in close relation with the
band structures of a semiconductor described by the inter-intra band
transitions. The intra band transitions are only for metal and ne-
glected, also the contribution of indirect transition is very negligible.

3.00 T T T
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=]
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T T T
15 20 25

Pressure (GPa)

o
o

10 30 35

Fig. 2. (a) Energy Vs Volume (Left-Scale) & Pressure Vs Volume (Right-Scale) & (b) Pressure Vs Bond length (A) (Sr-O, Hf-O).
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Fig. 3. (a) Total DOS of SrHfO; under pressure (b) partial DOS, Sr-p under pressure (c¢) partial DOS, Hf-d under pressure & (d) partial DOS, O-p under pressure.
3.64 ties of solids. It has two parts real and imaginary [55].
-3.62 éﬁ £=£ (w) + j52 )
[#%]
> -3.60 F
L:u § The imaginary part of the complex function €2 in cubic symmetry
= 358 ¢ compounds can be calculated by relation [56].
o ‘=
= 1
) R
g -3.56 2 ds
a 8
. :  a@=——5) / Prn' ()| 5———
354 & Zra i bz Vo (k) 3)
T T - " 210 T T 3.52 Kramers-Kronig relation gives the real part of the complex dielec-
| 2 . .
tric function &1 (w) [57].
Pressure (GPa) ! [57]
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The interaction of the incident photon with the atoms considered as
an optical response of a material which can be described by dielectric
function, € (w). For a cubic symmetry structure the crystal is consid-
ered to be an isotropic (e =€y = Eyy

Dielectric function € (@) of the electron gas depending on the fre-
quency has some important role in determining the physical proper-

=EZZ'

00 /
c@=1+2p /72l
T

/

)

In Equation (3) where @ny is the energy difference between the
two states, dSy is an energy surface with constant value and P, is
the dipole matrix element between the initial and final states and in
Equation (4) P denotes the principal part of the integral. The real part

w'? — @2

“)
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Fig. 5. Band structures of StHfO; under Pressure (0.00 GPa, 10.0 GPa, 20.0 GPa, 30.0 GPa).

of the absorption coefficient [58] is

a(w) = 2wk (w)
= V20 [(e1@7 + @) — &, @)]

1/2
®)
Similarly, the absorption coefficient can be calculated from Beer's

law is a = %2 = ‘%‘ While the electron energy loss function [59] is
given by

1 &y
lm<_)=_ 2 2
£ el+£2

(6)

The static dielectric function £; (0) and low € (@) are strongly de-
pendent on the band gap of the semiconductors. Penn model relating
the inverse relation with band gap E, [60] is

£ (0) 2 1+ (hw,/E,)’ o

where (Aw) is the plasma energy. The real dielectric function, imagi-
nary dielectric function, Electron energy loss function (EEL), and Op-
tical conductivity of SrHfO; is a function of photon energy are pre-
sented in Fig. 6(a—d). The real part and imaginary part of the dielectric
function can be calculated using the KramersKronig relations [57,61].
With the variation of pressure, €1 (0) decreases from 3.625 to 3.530
arb. unit under compression, which represents the dielectric response
of a material to a static electric field. This variation in €; (0) is in-
versely related with the square of the energy gap (£,) so the higher
value of static dielectric constant means low band gap [55]. The cal-
culated value of static dielectric function €; (0) is tabulated in Table
2. Also the variation of € (0) with pressure is displayed in Fig. 4.
The slow rise of &1 () at an energy range 0.0-2.5 eV indicates the
interaction of material with the photons. A group of three prominent
peaks appear in the range from 3.5 to 4.5 eV. The first sharp peaks at
(3.5-12.0) eV is followed by a group of flat peaks at (5.5-6) eV and
another group of peaks at (8.5-22.0) eV. After that &1 (@) becomes
negative in the short energy range from 12.00 to 14.00 eV, where the
phonon is damped, reaches a minimum and then slowly increases at
high energy. Also we have noticed the shifts of the sharp spectral
peaks (51) towards the higher energy with increase in pressure, Fig.
6(a).The imaginary part is related to the band structure and describes

the absorptive behavior. Fig. 6(b) shows the imaginary part of di-
electric function, the optical response occurs at approximately 3.2 eV,
representing the threshold value for direct optical transition from VB
(O-p) to CB Hf (d-t,,) which may be considered along I' — I" point at
0.00 GPa, Fig. 5(a). After this point, the &; (@) spectral lines rapidly
increases because of the abrupt increase in the number of transitions
followed by a sharp and a flat peak. The peak occurs at 5.8 eV, origi-
nated from the transition along I" — I" point, and the second peak with
low amplitude occurs at 9.3 eV, which is possibly from direct tran-
sitions along M — M point, Fig. 5(a). After calculating the imagi-
nary and real parts of the dielectric function, the optical absorption co-
efficient a (w) and energy loss function (EEL) were calculated. Fig.
6(c) represents the graph of electron energy loss (EEL) as a func-
tion of photon energy. The EEL is an important parameter to define
the non-scattering and elastically scattering of electrons (zero energy
loss). At intermediate energies (1.00-14.00 eV) the energy losses are
mainly due to the electron excitations. The two prominent group of
peaks appear in the energy range (6.00-14.00) eV, the first group of
peaks occur at (6.50-9.50) eV and the second group at (11.00—14.00)
eV. We have observed that the peaks in the EEL corresponds to the
valley in the optical conductivity which indicates the electron scatter-
ing at that energy range Fig. 6 (c,d). In Fig. 6(d), the optical absorption
peaks shows the strong absorption of the photon energy in the range
(3.50-12.00) eV which is in consistent with the £, (@). This shows that
the compound is optically active within this range (3.5-12.0) eV and
can absorb all the UV frequencies.

4. Conclusion

In this present work, the structural, electronic and optical prop-
erties of d* insulating metal oxides, StHfO;, with cubic structure is
studied using FP-LAPW method. An electronic and optical structures
were analyze under compression (pressure). Structural parameters are
found to compare well with the available data in the previous reports.
A detailed investigation of electronic and optical properties were car-
ried out with increasing applied pressure. We have studied the for-
mation of band gap in cubic StHfO; on the basis of p-d hybridiza-
tion. The cubic StHfO; shows indirect band gap up to 20 GPa while it
changes to direct band gap above 20 GPa. The widening of the band
gap was examine in relation to the atomic bond length with increasing
pressure. Our results for the electronic properties of cubic StHfO; are
shown to agree well with the other theoretical and experimental find-
ings. The dielectric function (real and imaginary part), Electron energy
loss function (EEL) and Optical conductivity of SrHfO5 as a function
of photon energy are also calculated.
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