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Abstract

First principles ( or ab initio )  density-functional-theory (DFT) with projected
augmented wave (PAW) method simulations were performed to calculate the electronic
structures and optical properties of 25% nickel (N1) doped cubic ZrO, crystals. We implemented
two ab initio DFT application methods to the ZrO, ceramic elastic constant, structure stability,
and optical property calculation. The Cerply-Alder type local density approximation (LDA)
models show that the interstitial and substituting nickel doped ZrO, structures are metastable,
through the elastic stability analysis, while the structure of 25% Ni doped at substitute site with a
Zr vacancy is in a stable state. The reflectivity at different directions is evaluated by calculating
the real and imaginary part of the dielectric constants. The result shows that the reflectivity of Ni
doped ZrO, crystal, with a Zr vacancy structure, varies from 59% to 80% at (001) ~ (111)
directions respectively. In comparison, the reflectivity of pure ZrO; is only 18% in the infrared
wavelength range. The high reflectivity of 25% Ni doped ZrO; structure, with a Zr vacancy, is
caused by the unique doped crystal structure and the associated vacancy charge state in this
configuration.

I. INTRODUCTION

Zirconia (ZrO,) stabilized by rare earth elements like Y*" is often used as thermal barrier
coatings (TBC)"? in gas turbines, and rocket engines, due to its superior properties such as low
thermal conductivity, chemically inert, and high corrosion resistance. Yttria-stabilized zirconia is
also used as the solid electrolytes for solid oxide fuel cells. The stabilized ZrO, has a cubic
fluorite structure at room temperature. Zirconia based TBCs are transparent or translucent to
radiation wavelength in the 0.3um~5pum range . Because more than 90% of radiation is within
this range at typical gas turbine temperatures of 1700~2000 °K, to effectively reduce thermal
radiation transport through TBC systems, thus to improve the thermal insulation function,
researches have been carried out with emphasis to increase the photon scattering within the
coating and to improve the coating’s reflectivity property. Increasing the density of scattering
defects, such as micro-cracks and pores within the coating, has been reported as an efficient way
of reducing thermal radiation *.

In solid oxide fuel cell (SOFC) application, Ni is usually used as an effective electron
transport channel, while in TBC application Ni is added with Cr, Al, and Y as a buffer layer to
form good binding and match the coefficient of thermal expansion between substrate and the
ceramic top layer, mainly ZrO,. An earlier theoretical simulation of carbon doped ZrO,
containing interstitial or substitution carbon and zirconium vacancy was reported by Ivanovskii
et al.’. Ab initio DFT method was successfully applied in ceramic elastic constant calculations *
7% including cubic® and monoclinic ZrO,*. However to the best of the authors’ knowledge, no
experimental and theoretical study has been conducted on the stabilized high concentration Ni
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doped ZrO,. In this report, we applied the stress-strain elastic constant calculation method,
analyzed the three Ni doped ZrO; systems and concluded that the structure of 25% Ni doped at
substitute site with a Zr vacancy is in a most stable structure. We also implemented an effective
reflectivity (reflection coefficient) calculation method to the above Ni doped ZrO, system and
our results show that at (111) of the doped ZrO,, the reflectivity in infrared range reaches 80%.

I1. COMPUTATIONAL METHODS

In this report, ab initio DFT with the projector augmented wave (PAW) plane-wave
method ** '°, relativistic effect was considered, was used to calculate the elastic constant and
electronic properties of ZrO, composites. The local density approximation (LDA) and Ceperley-
Alder potential (quantum Monte Carlo based) '' was used in this study. For O atoms, the 2s and
2p electrons were described as valence, for Zr the 4s, 4p, 4d, and Ss electrons were treated as
valence, whereas for Ni the 3d and 4s electrons were treated as valence. The remaining electrons
were kept in a frozen core. The calculated total energies converged to a value less than 1meV
while using the plane wave energy cutoff of 450 ¢V. With this setting and a 12 X 12 X 12 k-space
Monkhost grid, the lattice constant of ZrO, crystal is found to be a = 5.062 A, in excellent
agreement with the value 5.07 A published in JCPDS file 7-337 for cubic zirconia. All of our
calculations are based on the same potential, energy cutoff, energy and residue force
convergence criteria as those used in the lattice constant calculations.

(@) (b)

Figure 1. (a). The Ni doped at a substitution site with a Zr vacancy; and (b) pure ZrO, unit cell.
The blue sphere stands for Ni atoms, the light green sphere represents the Zr atoms, and the red
sphere stands for oxygen atoms.

The unit cell models are shown in Fig. 1. In all of the electronic calculations presented in
this report, the k-space sampling uses 12 X 12 X 12 Monkhost grid. The electronic energy
convergence value was set to be 10-3 eV and the residue force was set to be 1meV/A. The unit
cell shape, size, and atomic coordinates of the systems were relaxed in the optimization process.
To save computer time, symmetry was considered in all of the elastic constant calculations.

There are two ab initio methods to calculate the elastic constants. One is the fitting
method by fitting the total energies with respect to related strains near the ground state energy.
The other is a straight forward method by analyze the stress-strain relations. This method can be
traced back to the work of Nielson and Martin'?. According to Hooks law, the stress component
ci (I=1~6) is in linear dependency of the applied strain g; (j=1~6) under a small deformation:

6i = Cij g (1)

The linear elastic constants C;; form a 6 x 6 symmetric matrix, having 27 different
components. Due to symmetry, a cubic crystal has only three different symmetry elements (Ciy,
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Ci, and Ca4), each of which represents three equal elastic constants (C;;=Cy=Cs3; C1,=C23=C3;
C44=C55=C66)13 . Properties such as the bulk modulus and shear modulus can be computed from
the values of Cj. Methods to determine the elastic constants from first principles usually involve
setting the strain to a finite value, re-optimizing any free parameters and calculating the stress.
By carefully choosing the applied deformation, elastic constants can then be determined. The
deformation value needs to be tested before final calculation is done. Too big deformation may
cause nonlinear effect, while too small deformation could also induce large force error. In our Ni
doped ZrO, calculation, we limit our deformation maximum to be 0.01. The stress-strain elastic
constant calculation method allows us to predict elastic constants for new materials, materials
where experimental data do not exist, and to resolve discrepancies between contradictory
experimental results.

Under the same setting, after the structure optimization, the optical dielectric tensor was
calculated by Fermi golden rule using PAW method. The imaginary part ( &, ) was calculated first,

then the real part was deduced by Kramers-Kronig transform. The reflectivity R was calculated

by
1-NT
R= 2
[1 +N } ' @)
where N is the reflective index which can be evaluated by:
N’ =g +ig,. 3)

in which &, and &, are the real and imaginary parts of the complex dielectric constant. The spin
polarization was considered in all of the calculations.

Illa. RESULTS OF CALCULATED ELECTRONIC STRUCTURE

To validate the simulation software, the lattice constant and bulk modulus of pure ZrO,
was calculated first. Excellent agreement was found between the predicted ZrO; lattice constant
and the corresponding experimental results. Based on the settings used in the validation lattice
calculation, further calculations were performed on the elastic constants for pure ZrO,, Ni
interstitial and substitution site doped ZrO,, and Ni substitution site doped with a Zr vacancy
ZrO, crystal. To have a stable cubic structure, the following conditions'® should be held for each
test case,

C44>0, C11>|Cy2|, and Cy;1+2C12>0 4)

The calculation results show that the Cs4 of both Ni interstitial and substitution site doped
structures are negative, i.e. they are meta-stable structures. Thus only pure and Ni substitution
site doped with a Zr vacancy ZrO, crystals (the term “Ni doped ZrO,” is used for this case
hereafter) were reported in Table I for elastic constant values.

The optimized lattice constants of Ni doped ZrO, are a=b=5.27 A, c=4.20 A, that are 4%
larger and 17% smaller than that of the pure ZrO, crystal value of 5.07 A. The calculated total
magnetic moment is very small (less than 0.005 pg). It can be seen from Table I that the Voigt
bulk modulus of experiment is 212.33 GPa, which is close to our result of 226.89 GPa in the
simulation. The C;;, Cs3, and C4s of Ni doped ZrO, decrease tremendously compared to their
pure ZrO, values, i.e. from 532.15, 532.15, and 55.70 GPa to 139.31, 128.26, and 0.23 GPa
respectively. While the Cgs value only has a minor decrease, from 55.70 GPa to 38.03 GPa,
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comparing to the above mentioned large variations. The calculated Bader charge' results of both
systems are listed in Table II.

Table I. Elastic constants of pure and Ni doped ZrO, (in GPa). B, stands for Voigt bulk modulus,
while S, stands for Voigt shear modulus. Temperature unit is in K, Y03 is in mol% ratio.

System Temperature Y203 C11 C12 C13 C33 C44 C66 BV SV Ref

Experiment 300 8% 413 112 112 413 61 61 21233 96.80 (Ref. ")
300 8% 394 91 91 394 56 56 190 (Ref. '%)
300 18% 375 75 75 375 64 64 (Ref. '
300 15% 475 144 144 475 6l 61 (Ref. ')
300 8.1% 402 95 95 402 56 56 (Ref. ")
Theory 0 0% 500+100 90+20 90+20 500100 (Ref. ©)
0 0% 222 6l 61 222 54 54 115 (Ref. %)
0 0% 455 64 64 455 63 63 (Ref. ?")
Pure ZrO, 0 0%  532.15 74.24 74.24 532.15 55.70 55.70 226.89 125.00 this work

Ni doped ZrO, 0 0%  139.31133.27 75.36 12826 0.23 38.03 108.32 15.89 this work

Table II. Bader charge of pure and Ni doped ZrO,. (in unit of electron charge |e|)

System Zr O Ni
Pure ZrO, 2.64 -1.32 N/A
Ni doped ZrO, 2.58 -0.81~-0.85 1.45

Figure 2 shows the electron density of states (DOS) of s and p orbitals of Zr and O for
pure and Ni doped ZrO,. The Fermi level is set at 0.0eV. The p, component of Zr in Fig. 2(a) and
2(b) has shown a down-shift near -2eV. The p, intensity near 2eV increases slightly. Comparing
the p, DOS of O atoms in Fig. 2(c) and 2(d), it is clear that in pure ZrO,, p, extends from -6eV to
-0.5 eV below Fermi level with two major peaks at -5.3 eV and -1.2eV, while in Zr doped ZrO,,
p- state of O atom extends from about -7.2 eV up to 2eV above the Fermi level with a small peak
at 1.3 eV. Similarly p, and py also show band extension from below Fermi level to 1eV above
and from -7 eV to -6 eV. In Fig. 3(a) and 3(b), the Zr d.y, dy,, and d,, are mainly located below
the Fermi level in both pure and Ni doped ZrO, with extension to +2eV and -7 eV. The Zr d,’and
dof Ni doped ZrO, are also more extended, comparing to the pure ZrO, case with the peaks
sitting at 3.5eV and 4 eV. Thus it is clear that the p orbitals of O are hybridized with p and dyy,
dy,, and dy, orbitals of Zr with energy range extended to higher and lower energy scales.

Fig. 3(c) shows that the symmetric nature of the spin up and down states of Ni d orbitals
makes the total magnetic moment zero. The d,’and dy*orbitals of Ni atom are below Fermi level
which is different from that of Zr d,? and d,* where both are above the Fermi level, while the dy,
dy,, and dy, orbitals are extended to both higher and lower energy scales similar to that in Zr.
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Figure 2. The partial DOS of s and p states of Ni doped and pure ZrO,. The black square stands
for s states with spin up, the red circle stands for s states with spin down; blue upward triangle
for py electron with spin up, light green downward triangle for p, down, pink leftward triangle
for p, up, gold rightward triangle for p, down, cyan diamond for px up, while the brown pentagon
for the px with a down spin.
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(c). DOS of Ni d at Ni doped ZrO2
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Figure 3. The partial DOS of d states in Ni doped and pure ZrO,. The black square stands for dyy
states with spin up, the red circle stands for dy, states with spin down; blue upward triangle for
dy, with spin up, light green downward triangle for dy, down, pink leftward triangle for d,* up,
gold rightward triangle for d/ down, cyan diamond for dy, up, brown pentagon for dy, down,
light red hexagon for dy* up, while green star for dy> down.

111 b. OPTICAL PROPERTY RESULTS

The electromagnetic reflectivity properties of pure and Ni doped ZrO, are shown in Fig.
4(a) and 4(b). The reflectivity data of pure ZrO, at (010) direction was ignored in Fig. 4(a) since
it has the same curve as in (001) direction. From Fig. 4 (a) and (b), it can be seen that the
reflectivity is increased from (001), (011), to (111) direction for both pure and Ni doped ZrO,
crystals. It can also be seen from Fig. 4(a) and 4(b) that the reflectivity of Ni doped ZrO,
increased by 3.4, 4.1, 2.6, and 2.3 times in comparison to pure ZrO; cases along the (001), (010),
(011), and (111) polarization directions respectively.

(a). Reflectivity of pure ZrO, (b). Reflectivity of 25% Ni doped ZrOp
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Figure 4. (a). The reflectivity of pure ZrO,. (b). The reflectivity of 25% Ni doped ZrO,. The
black squares stand for the reflectivity in (001) direction. The red circles stand for the reflectivity
in (010) direction. The up blue triangles stand for the reflectivity in (011) direction. The down
triangles (in dark cyan color) stand for the reflectivity in (111) direction.

IV. DISCUSSION AND CONCLUSIONS

From Table I, we can see that most experimental elastic constant data of cubic ZrO, were
measured at near 8% Y doped and room or higher temperatures while our calculation for the
cubic ZrO, contains 0% Y at zero temperature, we would expect some differences between
experimental data and our calculation results. Actually our calculated C, Ca4 results are close to
the data at Reference 16. The Cy; is off the experimental data but is in the range of former ab
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initio DFT calculation presented in Reference 6. From Table I we can also see that among the
methods of ab initio DFT, muffin-tin(MT) approximation with free electron gas pair potential,
and lattice dynamics, the ab initio DFT method is the best one which gives good agreement with
the corresponding experimental data. This is due to the two body pair potential approximation
used in the MT method and the empirical data included in the lattice dynamics method, while in
ab initio DFT method, no empirical data was used.

From Fig. 3(c) and Fig. 2(d), it is clear that near the Fermi level, the Ni dand d,’ orbitals
hybridize with O py, and py orbitals, and thus form chemical ¢ bonding, as can be seen that these
Ni d and O p bands reach their DOS peaks in the energy region of -2.0 ev ~ -1.5 eV. The Ni dyy,
dy,, and dy, orbitals, on the other hand, hybridized with O py, p,, and p, orbitals at = bonded states
in the energy range of both below and above Fermi level. As shown in Fig. 2 and 3, the p orbitals
of O are hybridized with Zr p orbitals and dy, dy,, and dy, orbitals. An important effect of the Ni
doping is that, as can be seen from Fig. 2(d) and 3(c), both O and Ni atom form states above and
close to the Fermi level. These states can effectively serve as recombination and scattering
centers when electromagnetic waves enter the system. The total magnetic moment of Ni atom is
zero due to the symmetric spin up and down DOS of Ni d orbital as discussed in the last section.

Table II listed the Bader charge of Zr, O, and Ni in pure and Ni doped ZrO,. The Bader
charge of Zr cation decreases slightly from 2.64|e| in pure ZrO, to 2.58|e| (loses less than 0.1]e|
charge) in Ni doped ZrO, whereas O anion increased from -1.32Je| to -0.81~-0.85|e| with an
average of 0.5|e| charge gain. The substitution Ni cation has a 1.45|e| which is about one electron
charge less than Zr cation. O anion charges changed due to the less charge of Ni and the Zr
vacancy formation. The larger charge difference of O is consistent with the large shift and
extension of DOS shown in Fig. 2(c) and 2(d).

The high Ni doping concentration and Zr vacancy cause the formation of large scale
localized dipoles around vacancies. The local electric field is stronger at (111) direction than that
of (011) and (001) directions as from the above Ni, Zr and O Bader charge analysis. In each unit
cell there are two opposite dipoles pointing from the center of O* to the center of Ni™'*
(vacancy). The electromagnetic waves thus are interacted strongly with these high density
localized dipoles.

In summary, we implemented two ab initio DFT application methods to the ZrO, ceramic
calculation: (1) elastic constant calculation and application to the structure stability analysis; (2)
the reflectivity along special directions of the related systems. They can be essential to the
systems where experimental data is not available or cannot be acquired under current conditions.
In the DFT based simulations on a Ni doped ZrO, system, the lattice constant of pure ZrO; is
examined first, which compares very well with the experiment data. Then the elastic constants
for a number of cases are calculated, which include the pure ZrO,, 25% Ni interstitial and
substitution site doped cubic ZrO, crystals, and 25% Ni substitute site doped cubic ZrO; crystal
with a Zr vacancy. The elastic constant results demonstrate that only pure ZrO, and 25% Ni
substitution site doped cubic ZrO, crystal with a Zr vacancy are stable structures. Thus the
reflectivity calculations are performed on these two systems only. The reflectivity calculations
clearly show that the high concentration Ni doped ZrO, increased the reflectivity values by 3.4,
4.1, 2.6, and 2.3 times in (001), (010), (011), and (111) polarization directions respectively, with
a maximal 80% reflectivity at (111) direction. This may have potential applications in high
efficient TBC material design and synthesizing.
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