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A comparative analysis of the physical properties of Gd2Zr,0; weberite and pyrochlore is conducted using first-
principles methods. The structural characteristics of GdaZr,07 pyrochlore and weberite are examined at the
atomic site, local coordination, and lattice parameter levels. The findings from ab initio molecular dynamics
simulations and experimental data confirm the existence and stability of the GdyZr,0; weberite structure at 300
K. The formation of cation antisite defects is calculated to be more facile in the weberite lattice compared to

pyrochlore. The formation energy of vacancy defects is strongly correlated to the distinct defect configurations.
The calculations further highlight that GdyZr,0; weberite exhibits mechanical properties comparable to pyro-
chlore. The insulating nature, chemical bonding characteristics, and charge states of individual atoms in weberite
and pyrochlore are elucidated through analysis of the partial density of states and Bader charges.

1. Introduction

Pyrochlore oxides have garnered significant public attention and
research interest, owing to their diverse applications, including thermal
barrier coatings [1,2], superconductors [3], inter matrices of nuclear
fuel [4], solid electrolytes[5] and nuclear waste form [6-9]. The
versatility of pyrochlores in these applications arises from their chemical
and structural flexibility, as well as their interesting disordering process
under extreme conditions [10-14]. For example, certain pyrochlores
(A2B207) exhibit phase transitions from ordered to disordered (O-D) or
amorphous (O-A) phase under irradiation. A correlation exists between
the propensity for phase transitions and the energy expenditure associ-
ated with cation disordering of pyrochlores [13,15]. The tendency of the
pyrochlore amorphization intensifies with the escalating energy cost of
cation disorder, characterized by the swapping of A and B cations within
pyrochlore. Previous studies have elucidated the disordered structure,
where A and B cations interchange positions and anion Frenkel pairs
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result in a random distribution of oxygen vacancies [13]. The disordered
structure resembles that of the mineral fluorite, with the unit cell
parameter of pyrochlore being halved [15]. However, recent experi-
mental research utilizing neutron total scattering has revealed that local
ordered domains contribute to the formation of large-scale disordered
pyrochlore structures [16]. The local order structure is identified as an
orthorhombic weberite model with space group Ccmm crystal symmetry
[16]. The findings suggest that the O-D phase transition in pyrochlores is
more intricate than previously understood.

Further researches have been conducted to investigate the mecha-
nism underlying the formation of the local ordered domains and the
interplay between the weberite structure and pyrochlore[17-19]. The
local site disorder of zirconate pyrochlores was studied by Zhao et al.
[17] based on oxygen migration and cation antisite using first principles
calculations. According to their results, O4gsmigratesto the closest
intrinsic 8a vacancy, facilitating the local weberite configurations.
Matsumoto et al. [20] systematically studied the crystal structures and
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energetics of AyB,O; (A=Lu-La, B=Zr, Hf, Sn and Ti) compounds,
revealing the stability of the weberite structure increases with a decrease
in the radius of the A cation, relative to the pyrochlore structure.
Kowalski et al. [21] argue that LnpHf207 and LnyZryOyweberite is more
stable for lanthanides after Dy and Gd than the corresponding pyro-
chlore structure from the perspective of formation enthalpy.
Pyrochlore undergoes a phase transition under high pressure, and
similarly, the emergence of locally ordered weberite domains has been
observed during this transition. The high-pressure structural modifica-
tions of rare earth hafnate pyrochlores have been systematically inves-
tigated by Turner et al. [22] in experiments. Their findings reveal that
rare earth hafnate quenched from 50 GPa shows a local weberite-type
structure from the Raman spectra. To date, no systematic research has
been conducted on weberite and pyrochlore with identical chemical
formulas; hence, this study aims to undertake a comparative analysis on
the physical properties of GdaZr,O7 weberite and pyrochlore using first
principles method. The outcomes of this study could enhance our un-
derstanding of the distinctions and interrelations between weberite and
pyrochlore, encompassing structural properties, defect formation en-
ergy, mechanical properties and electronic properties. This work could
provide valuable insights into the disordering process in pyrochlore and
promote the application of complex oxides in extreme environments.

2. Computational and experimental methods

The Vienna Ab-initio Simulation Package (VASP) has been used for
all density functional theory calculations [23,24]. For the electro-
n-ion interactions, the projector augmented wave (PAW) method [25]
is used, whereas the exchange—correlation potentials are described by
Perdew-Burke-Ernzerhof (PBE) [26] under generalized gradient appro
ximation (GGA). The GdyZr,0; weberite structure with 44 atoms is
constructed by using the special quasi-random structure (SQS) [27]
method. For GdyZr;07 weberite, a 3 x 4 x 4 k-points grid and the plane
wave cutoff energy of 600 eV are applied to the simulation. For
GdaZro07 pyrochlore, a primitive cell with 22 atoms is employed and a 4
x 4 x 4 k-points grid in reciprocal space and the plane wave cutoff
energy of 600 eV are applied to the simulations. The electronic config-
urations for Gd, Zr and O are 5p®5d'6s?, 4s24p®4d?5s? and2s?2p*,
respectively. For ab initio molecular dynamics (AIMD) calculations, the 1
x 1 x 1 mesh with the original I" point and the cutoff energy of 400 eV is
used. An orthorhombic supercell structure with 132 atoms as shown in
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Fig. 1(a) and the NPT ensemble with three-axes periodic boundary
conditions is carried out for the calculations. At 300 K, the supercell is
equilibrated for 3000-time steps, and the total time is 9 ps.

Experimentally, a solid-state reaction is used to prepare poly-
crystalline GdyZroO7 samples. GdpO3 (99.99 % purity), ZrO2 (99.99 %
purity) are selected as raw materials. Using a 13 mm diameter stainless
steel die, ball milled powders are pressed into pellets at 450 MPa. After
being sintered for 24 h at 1100 °C, the pellets are reground into powder,
repressed into pellets, and then sintered for a further 48 h at 1100 °C.
The sintered samples are characterized by XRD using a PANalytical
X’Pert Pro X-ray diffractometer, with a scanning range of 10°~70° and
step size of 0.02°.

3. Results and discussion
3.1. Structural properties of GdyZr207 weberite

GdyZr,07 weberite, with space group Ccmm, has an orthorhombic
structure and four formula units within a unit cell as shown in Fig. 2. Gd
and Zr cations occupy 4a, 4b and 8 gsites. The 4a and 4b lattice sites with
8- and 6-fold coordination are fully occupied by half of the Gd and Zr
cations. The 8 g lattice sites with 7-fold coordination are shared by the
remaining half. The 16 h and three 4c lattice sites are occupied by the O
anions and an intrinsic ordered vacancy is located at a fourth 4c site
[16]. Zr cation coordinates with two intrinsic 8a vacancies and six 48f
oxygen atoms and Gd cation coordinates with six 48f oxygen atoms and
two 8b oxygen atoms in GdpZryO7 pyrochlore. Fig. 3 depicts the
distinction and correlation between the GdsZr,O; weberite and the
pyrochlore structure.

The optimized lattice constants and the bond lengths in GdyZr207
weberite are presented in Table 1, along with the results of theoretical
calculations. The lattice constants of orthorhombic unit cell are a =
10.47 A, b = ¢ = 7.42 A, which are in agreement with Zhao’s results
[17]. The bond length of < Gd-O>ranges between 2.258 Aand 2.721 A
and the < Zr-O>ranges from 2.054 A to 2.437 A. Therefore, the lengths
of the same type bond are different in a weberite unit cell which indicate
that the multiple polyhedrons formed by Gd-O and Zr-O are irregular in
shape.

The AIMD simulation results depicted in Fig. 1(b) reveal that the
atomic positions in the final state of Gd2Zr,O; weberite exhibit minimal
variation compared to the initial state, following 3000 steps of
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Fig. 1. (a) GdZr,0; weberite supercell containing 132 atoms used for AIMD simulations. (b) Evolution of total energy of weberite with time from initial state to

final state.
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Fig. 2. The structure of Gd,Zr,0; weberite and Wyckoff position occupied by each atom. Gadolinium, zirconium, and oxygen atoms are represented by purple,

green, and red spheres, respectively.

Fig. 3. The distinction and relation between the Gd,Zr,07 pyrochlore and weberite structure. (a) an 88-atom pyrochlore unit cell. (b) Local structure of pyrochlore in
top view along a axis. (c) a 44-atom weberite unit cell. The relationship between pyrochlore and weberite in the unit cell lattice parameters is as follows: ap=aw and
bw=cw=2""2ap. (ap is the lattice constant of pyrochlore, aw, bw, cw is the lattice constant of weberite.).

Table 1
The calculated lattice constant (A) and bond distances (/o\) for Gd,Zr,0,
weberite.

Lattice constant a=1047A,b=c=7.424

a=10.49A,b=c=7.424
2.346 A ~ 2.367 A
2402 A ~ 2721 A
2299 A ~ 23774

Other calc [17].
< Gdsg-O4c >
<Gd4g-O16n>
<Gdgg-O16n>

<Gdgg-Osc> 2.258 A~2.403 A
<Zr4a-Or6n> 2.075 A ~2.078 A
< Zr4q-Oge > 2.089 A

<Zrgg-O16n> 2.079 A ~2.437 A
<Zrgg-Osc> 2.054 A~2.187 A

relaxation at 300 K. Moreover, the total energy of GdaZr,O; weberite
supercell fluctuates around —1189 eV, indicative of the stability of the
structure at 300 K.

According to the experiments of the solid-phase method, when the

sintering temperature reaches 1100 °C, two weberite-type diffraction
peaks appear at around 20° in the XRD patterns of the GdyZr,O7 samples
(marked with asterisk in the Fig. 4), which indicates the existence of the
weberite structure in GdsZroO; compounds. To be noted, we did not
obtain a single-phase weberite-type GdyZr,07 by solid-phase method,
and the XRD of the GdyZr,07 at 1100°C represents a coexistence of both
pyrochlore and weberite structures. The asterisk marked diffraction
peaks in Fig. 4 can be indexed as (111) and (201 ) in weberite-type
GdyZry07. The odd Miller indices (111) and (201) are the character-
istic diffraction maxima in weberite-type GdyZr,0;, whereas the even
Miller indices such as (222), (400), (422) are correspond to the parent
fluorite structure.

3.2. Cation antisite defect in GdaZr,07 weberite

For complex oxides, an important role is played by the cation dis-
order in the relative stability of the structure under extreme conditions.
For example, the radiation tolerance of pyrochlores has a strong
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Fig. 4. XRD patterns of Gd,Zr,0, compounds at 1100°C are compared with the
XRD pattern of Gd,Zr,O; weberite obtained from the structure in our first
principles calculations.

connection with the ability of the cation disorder [12]. Pyrochlore and
weberite both form fluorite structures with ordered cations and va-
cancies, but have different unit cell sizes and symmetry. [16,17].
Furthermore, the weberite structure can be seen as one of the ordered
structures of pyrochlore-related structures [28]. As such, it is essential to
further investigate the role of cation antisite defect in GdpZr,O7 weberite
due to the close relationship between weberite and pyrochlore.
Different configurations of cation antisite defects in the cation sub-
lattices are considered and shown in Fig. 5. The formation energy of a
cation antisite defect is generally calculated to assess the ease of forming
the cation antisite defect using the following equation [29,30]:
E = EA _E,,

tot

Where ES* is the total energy of a relaxed Gd2Zry0; weberite cell
with a cation antisite defect pair and E,, represents the total energy of
the relaxed Gd,Zr,07 weberite cell. The calculated results are shown in

(a) Gd(4b)-Zr(4a)

4bdal: 1.68eV ===
4b4a2: 1.73eV ==
4b4a3: 0.84eV ===
4bda4: 1.78eV ===

b

8gdal: 0.71eV +=—>
8g4a2: 0.47c¢V ==

(c) Gd(8g)-Zr(4a)

Cation Sublattice
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Fig. 6, which reveal that exchange of GA(8 g) and Zr(8 g) cation-
s produces the most readily formed cation antisite defects, followed by
the configurations of Gd(4b)-Zr(8 g) and Gd(8 g)-Zr(4a), and the Gd
(4b)-Zr(4a) is the least prone to form. In the (100) plane, it is note-
worthy that the smallest formation energy occurs when Gd(8 g) and Zr
(8 g) cations are exchanged. More importantly, the maximum value of
cation antisite defect formation energy in Gd;Zr,0; weberite is 1.78 eV,
which is still smaller than 2.08 eV in GdZr207 pyrochlore [30]. These
results suggest that the cation antisite defect can be formed more easily
in webertie lattice than that in pyrochlore. That is, the disordering
process in cation sublattice in GdaZry07 weberite may occur more easily
than that in GdyZry07 pyrochlore, which may be used to reflect the ra-
diation damage resistance of them to some extent.

1.73 178
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Fig. 6. The cation antisite defect formation energy of different configurations.
The cation antisite defects: Gd(8 g)-Zr(8 g), Gd(4b)-Zr(8 g), Gd(4b)-Zr(4a) and
Gd(8 g)-Zr(4a) are shown in black, orange, red and green block, respectively.

(b) Gd(4b)-Zr(8g)

4b8gl: 0.35¢V +===»
4b8g2: 0.70eV €===»

- d *& 8gl: 0.35¢V +==»

& 8g2: 0.34eV *===»
a 8 823:0.19¢V +==»
8g4:0.21eV €+==»

(d) Gd(8g)-Zr(8g)

Fig. 5. The configuration of cation antisite defects in the cation sublattices. The cation antisite defect by exchanging the (a) Gd(4b)-Zr(4a), (b) Gd(4b)-Zr(8 g), (c) Gd
(8 g)-Zr(4a) and (d) Gd(8 g)-Zr(8 g) cation along the directions indicated by arrows.
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3.3. Vacancy defects in GdoZr;07 weberite and pyrochlore

The vacancy defect is one of the most important point defects to
predict and understand the thermodynamic stability of materials under
extreme conditions [31]. In this section, we estimate the formation
tendency of formation of specific vacancy defects in GdyZ,0; weberite
and pyrochlore from the energetic point of view. The formation energy
of a vacancy defect, Ef, are calculated using the following equation [31]:

E =E,~E,+pu

where E}, is the total energy of GdyZr,O7 weberite or pyrochlore con-
taining a vacancy defect, E,, is the total energy of the relaxed GdzZr,0;
weberite or pyrochlore structure, y is the chemical potential of the
corresponding atom. The chemical potential of Gd is obtained under the
GdzO3-rich and Og-rich condition, pgy = 3 (Keg,0, — 3Ho): Ho = HHo,-
The chemical potential of Zr is obtained under the ZrOs-rich and Os-rich
condition, pz, = piz0, — 20, 1o = o, The total energies of optimized
Gd;03, ZrO, bulk and an O5 molecule are used to determine the corre-
sponding chemical potentials. The calculated vacancy defect formation
energies are shown in Fig. 7.
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pyrochlore is larger than Vgqe4p), but smaller than Vgq(sg) in weberite,
and the value of Vz(164) in pyrochlore is comparable to that of the Vzy(4q)
in weberite. The O vacancies at 48f sites in pyrochlore are most readily
formed, followed by the O vacancies at 16 h sites in weberite.

3.4. Mechanical properties of GdyZr;07 weberite

The mechanical properties are further studied based on the opti-
mized GdyZry07 weberite structures. Orthorhombic phase has nine in-
dependent elastic constants: Cy1, Ca2, C33, C44, Css, Cg6, C12, C13 and Cos.
The calculated results for Gd;Zr,O; weberite are shown in Table 2.
Based on the Voigt-Reuss-Hill approximation, the Voigt bulk modulus
By, the Reuss bulk modulus Bg, the Voigt shear modulus Gy, the Reuss
shear modulus G for an orthorhombic phase can be represented by the
following formulae:

1
By = <§> [C11 +Co2 + C33 + 2(Cp2 + Cy3 4 Ca3) |

1
Gy = (E) [C11 +Co2 +Cs3 + 3(Caq + Css5 + Ces) — (C12 + C13 + Ca3) |

B = A[Ci1(Ca2 + Cs3 — 2Cs3) + C2(Ca3 — 2C13) — 2C33C12 + C12(2Ca3 — Ciz) + C13(2C12 — Ci3) + Ca3(2C13 — Ca3)] "

Gr = 15{4[C11(Ca2 + C33 + Ca3) 4 C22(Cs3 + Ci3) + C33C12 — C12(Cas + Cr2) — C13(Ci2 + Ci3) — Co3(Ciz + Ca3) ]/A + 3[(1/Caq) + (1/Css) + (1/Ces)] }71

For GdyZr,0; weberite, the vacancy formation energies of Gd(4b),
Gd(8 g), Zr(4a), Zr(8 g), O1(16 h), 02(4c), O3(4c) and O4(4c) are 4.65,
3.99, 4.96, 5.45, 5.93, 6.34, 7.29 and 6.74 eV, respectively. The Gd
vacancies at 8 g site and Zr vacancy at 4a site are easier to form based on
the formation energy of cation vacancies. The formation energy of O
vacancies at 16 h sites is lowest for anion vacancies. For GdyZr,0O7
pyrochlore, the vacancy formation energies of Gd(16c), Zr(16d), O1
(48f) and O2(8b) are 4.22, 5.04, 4.76 and 6.18 eV, respectively. The Gd
vacancies are easier to form than Zr vacancies, and the O vacancies at
48f sites are easier to form than the O vacancies at 8b sites in GdaZr,0;
pyrochlore. Contrasting to pyrochlore cases, the value of Vgq(iec) in
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Fig. 7. The calculated vacancy defect formation energies of different defect
configurations in Gd,Zr,O; weberite and pyrochlore. The vacancy defects in
weberite and pyrochlore are color-coded orange and green, respectively.

A= C13(C12C23 - C13C22) + C23 (C12C13 - C23C11) + C33 (Cll CZZ - C%g)
Mechanical stability is determined by the following criteria:

C11 >0, Co >0,C33 >0,Cy4 >0, Cs5 >0, Ceg > 0.
(C11 +Cs3 —2Cy3) > 0, (Cgz + Ca3 — 2GC3) > 0.
[C11 +Co2 +C33+2(C12 + Ci3 +Co3) | > 0

(Ci1+Co2—2Cy2) >0

According to the Hill approximation, bulk modulus B and shear
modulus G are given by: B=1(BY+B") and G = 1(G'+ G"). The
Poisson’s ratio ¢ is given by: o = 25-2¢ and the Young’s modulus E is
given by: E = 33& A summary of all calculated results is shown in
Table 2.

A Pugh index (AD) is calculated to determine the malleability of
GdyZr,0; weberite by: A"=B/G, which measures the ductility of a ma-
terial with a critical value of 1.75. [32]. The calculated Pugh index as
shown in Table 2 is larger than 1.75, which indicates that GdyZr,0;
weberite possesses a certain ductility. The Poisson’s ratio ¢ is also
calculated to assess the malleability of materials. The materials will
exhibit ductile properties when o is larger than 0.25. The result of ¢ for
GdsZr,07 weberite is 0.28 (see Table 2), which confirms the conclusion
drawn from the Pugh’s index. In addition to these studies of weberite,
we also compare the current findings with our previous computational
data for GdyZry07 pyrochlore in Ref.[30]. The bulk modulus, shear
modulus and Young’s modulus for weberite are slightly smaller than
those of pyrochlore, but the Poisson’s ratio and Pugh index of weberite
are comparable to those of pyrochlore. From these observations, it thus
can be concluded that Gd,Zr,O; weberite shows similar mechanical
properties to those of pyrochlore.
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Table 2
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Elastic constants (C, GPa), shear modulus (G,GPa), bulk modulus (B, GPa), Young’s modulus (E, GPa), Poisson’s ratio (¢), and Pugh index (AP) for Gd,Zr,0, weberite

and pyrochlore.

GdyZr;07 Cn Coo Cs3 Cas Css Cos Ciz Ci3 Co3
Weberite 292.63 274.61 267.73 93.64 87.92 58.89 96.31 111.71 108.93
By B By Gy Gr Gy E 14 A?
163.21 140.38 151.79 82.62 74.83 78.73 201.37 0.28 1.93
pyrochlore Cn1 Cia Casa B G E c AP
Ref. [30] 301.38 118.75 86.4 179.63 88.33 227.68 0.29 2.03
F Table 3
60 Bader charge (|e|) for each atom in Gd,Zr,0; weberite and pyrochlore.
40 r Pyrochlore Weberite
| Element Bader Charge  Element Bader Charge Element Bader Charge
20 (e (e (e
L Gd 2.075 Gd(4b)  2.097 oa6h) -1.316
0 Zr 2.548 Gd(8g) 2051 O(4cl)  -1.318
- 0(48f) -1.327 Zr(4a) 2.531 0(4c2)  —1.346
183 0(8b) -1.271 Zr(8g)  2.563 0(4c3)  -1.308
12.2 summarizes the results obtained. For weberite, the Bader charge of the
i same element is different at different sites. For example, the Bader
6.1 charge of Gd at 4b site is 2.097 |e|, whereas the Bader charge is 2.051 |e|
I at 8 gsite. The Bader charge of O at 16 hsite is —1.316 |e|, but at three 4c
" 0.0 P R N R T sites the Bader charges are —1.318, —1.346 and —1.308 |e|, respectively.
% 57 _ The average Bader charges of Gd and Zr in weberite are 2.074 |e| and
» 2.547 |e|, which is in accord with the Bader charges of Gd (2.075 |e|) and
L’a 38 _ Zr (2.548 |e|]) in pyrochlore. While the average Bader charge of O in
2 | weberite and pyrochlore is different, these are —1.322 |e| and —1.299 |e|,
g 19 L ) respectively. It indicates that the local electron transfer is related to the
o i atomic lattice sites.
L R R U e 4. Conclusions
246 |- ——w-Gd_s oo p-Gd_s
I ——w-Gd_p-e-eeeees p-Gd_p We have compared the physical properties of Gd,Zr,07 weberite and
16.4 | ——w-Gd d-mm pGd d pyrochlore employing first-principles methods. We provide a schematic
- representation to elucidate the differences and relationships between
82 | the structural properties of GdyZroO; weberite and pyrochlore. The
i " AIMD simulations and experimental findings collectively demonstrate
0.0 " | "él‘ , | m| | that the Gd,Zr,0; weberite structure is indeed stable at 300 K. A

30 25 20 -15 -10 -5 0 5 10
Energy(eV)

Fig. 8. Comparison of the projected density of states (PDOS) for GdyZr,0;
weberite (w) and pyrochlore (p).

3.5. Electronic properties of GdaZrs07 weberite and pyrochlore

As shown in Fig. 8, partial densities of states (PDOS) are calculated to
further study the electronic properties of GdyZr,0; weberite and pyro-
chlore. It can be found that the energy band gap for GdyZr,07 pyrochlore
is 2.79 eV, which is slightly larger than 2.72 eV derived from the
calculation by Zhao et al. [33]. However, as for Gd;Zro07 weberite, the
band gap is 3.56 eV. Both of them exhibit an insulating character. In the
PDOS, the hybridization of O 2p with Gd 5d, Zr 4d, and a few Gd 5p
states contributes to the valence band maximum (VBM); the hybridi-
zation of O 2p with Zr 4d and Gd 5d states contributes to the conduction
band minimum (CBM). Comparing the PDOS of GdyZr,O7 weberite and
pyrochlore in Fig. 6, it is clear that the hybridization between O p states
with Zr and Gd d states in weberite is slightly stronger than that in
pyrochlore, suggesting that the stronger chemical bonds are formed in
GdyZr,07 weberite.

A Bader charge is calculated in Gd»Zr,O7 weberite and pyrochlore in
order to obtain deeper insights into their charge states. Table 3

comparative analysis of cation antisite and vacancy defect formation
energies between weberite and pyrochlore indicates that cation antisite
defects are more readily formed in the weberite lattice compared to
pyrochlore, and the formation of vacancy defects is influenced by the
availability of vacant lattice sites for the respective atoms. Our calcu-
lations reveal that both weberite and pyrochlore exhibit mechanical
stability and share comparable mechanical properties. The analysis of
electronic properties reveals that both structures exhibit insulating
behavior, with the hybridization between O p states and Zr/Gd d states
in weberite being marginally stronger than in pyrochlore, implying the
formation of more robust chemical bonds in Gd;Zr,07 weberite.
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