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Dielectric screening originating from electronic and vibrational degrees of freedom is a fundamental material’s
property. This property is crucial for materials used as high K-gate dielectric with metal gates in field-effect tran-
sistors in integrated circuits. Therefore, we atomically explore phonons responsible for dielectric screening in
rare-earth pyrochlores zirconate oxides, REZZr O O’ (RE = Pr, Nd, Sm, Eu, and Gd), and suggest pathways for
engineering the dielectric response for better dielectric insulators. The predicted crystal structures are close to
the ideal pyrochlore structure but show a tendency towards the fluorite structure along the family (which alters
dielectric screening). A significant contribution towards the dielectric screening originates from the infrared-
active vibration (F ; named as m_) near 125 cm-!, which is mainly due to O’-RE-O’ bend. The vibration near
200 cm-! also has notable contribution but shows a gradual decrease along the family. A relation between toler-
ance factors (t1 and tz) of pyrochlores and dielectric response is developed for the first time. Specifically, a linear
relation of t_ with dominating vibration (m,_) contributing to the dielectric constant paves the way to engineer the

Phonons

dielectric screening by a simple calculation of the tolerance factor in pyrochlore zirconates.

1. Introduction

Pyrochlore oxides have been studied over decades owing to their
numerous technological important applications like dielectrics [1-5],
superconductivity [6], thermal barrier coating [7], gas sensing [8], lu-
minescence [9], and chemical durability [10]. All zirconate pyrochlores
are found to exhibit radiation resistance except LaZZr207 [11].
Gd2ZT207 shows high radiation resistance and is proposed to be the host
material for the immobilization of plutonium and actinides [12]. Differ-
ent pyrochlore oxides show electrical properties [13], high entropy
[14] and catalytic properties [15], and ferroelectricity [16]. Also, py-
rochlore oxides find their applications in high ceramic dielectric mate-
rials [17] such as La, 2Zrzo7 [18] and La sz207 [19]. Rare-earth titanate
pyrochlores exhibit interesting magnetic properties like spin ice and
spin glass behaviors due to their characteristic crystal structure and
magnetic interactions [20].

In ideal pyrochlores of the type A B_.O_O’, A type cation is a rare-

27276
earth (RE) lanthanide or a cation with lone pair of electrons; B type

cation is a transition-metal with variable oxidation state or a post tran-
sition metal cation; O and O’ are oxygen atoms with different atomic
environments. The tetrahedral environment around O and O’ atoms is
shown in Figs. 1(a) and 1(b), respectively. When A and B type atoms are
in 3+ and 4+ ionized state, or 2+ and 5+ states, respectively, then these
oxides are referred to as (3+, 4+) or (2+,5+) type pyrochlores [21].
Average mixed valency of these types in also possible. Eight-units of
A2B207 or AZBZOGO’ (Here A = RE, B = Zr) comprise the conventional
unit cell of pyrochlore structure.

An increased interest in these oxides is consequence of A and B type
elements residing on the two interpenetrating lattices of the corner-
sharing tetrahedron. Raman and Infrared vibrations in these oxides pro-
vide a beautiful insight into various dynamical processes involving
phonons, charge carriers, and spin affecting physical and chemical
properties. Information about the distribution of ions at different sym-
metry sites, deviation from site symmetry induced either by point de-
fects or local stress is also possible. Vibrational properties in pyrochlore
oxides have been the subject of extensive experimental investigations
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Fig. 1. Primitive unit cell showing the a) tetrahedral environment around O atom, and b) tetrahedral environment around O’ atoms in REZZrZO7 (RE= Pr, Nd, Sm,
Eu and Gd) pyrochlore zirconate oxides. Color code: RE: Gray, Zr: blue, O: red, and O’: green.

[22,23] as well as theoretical investigations [24-26]. Further, informa-
tion about the strength of bonding and its effect on vibrational proper-
ties can provide atomic-level information of tailoring the macroscopic
properties like the static dielectric constant in these materials.

Dielectric screening is a fundamental property in materials and has
its origin from the intrinsic and extrinsic response to the external elec-
tric field. The intrinsic response to the dielectric constant comes from
(1) the electronic degrees of freedom (electrons screening with clamped
ions to the applied electric field), and (2) the lattice degrees of freedom
(screening due to motion of ions in response to the electric field) [27].
Whereas extrinsic response comes from defects (point and line defects),
ferroelectric domains, surfaces and edges (in low dimensional materi-
als), and interfaces [28]. These extrinsic factors affect the intrinsic re-
sponse, and therefore, the dielectric response can be altered signifi-
cantly [28]. Dielectric properties are quite important as scaling down of
random-access memories (static as well dynamic) based on capacitive
functionality can be achieved using materials with high dielectric con-
stant compared to the already used materials such as Sio,. Similarly,
low dielectric constant materials are vital for high-speed interconnects
in integrated circuitry. The dielectric constant originating from dielec-
tric screening affects the electronic bandgap as well as the binding ener-
gies. Recently, dielectric screening is found to display a significant role
in reduced dimensional materials due to decreased dielectric constant
in the out-of-plane direction [29], indicating the usefulness of dielectric
screening. Therefore, exploration of the intrinsic response is crucial for
understanding the dielectric behavior in oxides, leading to the study of
zirconate pyrochlores in the present study as an example. Previous
studies explored dielectric properties of hafnate [30] and titanate [31]
pyrochlores.

Further, the tolerance factor concept (given by Goldschmidt for per-
ovskites [32]) is beneficial not only to study the structural stability of
oxides but also provides a significant information about the physical
properties [33]. In this vein, we explore, for the first time, the tolerance
factors (given by Cai et al. [34] for pyrochlores) for their relations with
structural as well as dielectric behavior. To explore the influence of A
type atom in these oxides on dielectric environment, we study vibra-
tions contributing to dielectric properties of RE Zr,0, (RE = Pr, Nd,
Sm, Eu and Gd) using density functional theory (DFT) [35] based on
plane wave basis and ultrasoft pseudopotentials (USPPs) [36]. Chang-
ing the electronic and ionic environment by replacing A-type atoms will
lead to a systematic response and explanation to dielectric screening.
Afterward, a relation of dielectric constant with tolerance factors is in-
vestigated. The paper is organized as follows. In Sec. II, the computa-
tional method is introduced in detail. In section III, we will give results
and discussions. In Sec. IV, we will conclude our results and their im-
portance.

2. Computational details
Energy and phonon calculations are carried out using density func-

tional theory based on Quantum Espresso package [37]. The exchange
and correlation interactions are described within local density approxi-

mation (LDA [38,39]) and generalized gradient approximation (GGA
[40]), specifically PBEsol [41]. The LDA is found to provides a good de-
scription of the structural [42], vibrational and dielectric properties of
pyrochlore oxides [24,25], whereas PBEsol functional has better struc-
tural properties descriptions for solids. Our key findings are similar for
both functionals. A detailed structural parameter of these pyrochlores is
provided in the supplementary information (Figure S1, Figure S2, Table
S1, and Table S2). The DFT results correspond to a temperature of 0 K.

USPPs for the Pr, Nd, Sm, Eu, and Gd atoms in their 3+ state with
the f-states in the core are generated. The effect of f-states is taken
through the non-linear core-correction. These potentials, although
hard, are tested on pyrochlores [25] and perovskites [43] and are trans-
ferable along with potential of oxygen [44].

All the input files are generated using EStA [45]. We used a plane
wave cutoff of 90 Ry and a charge density cutoff of atleast ten times
that of plane wave cutoff to guarantee a pressure tolerance of less than
1 kbar. A dual space grid technique is used to calculate the charge den-
sity and the self-consistent potential. Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm [46] is used to search for the minimum en-
ergy configuration. For the equilibrium structures, force tolerance is
less than 0.4 meV/A per atom in each Cartesian direction. Kohn-Sham
one-particle equations are solved at each k point in reciprocal space us-
ing a 3 X 3 x 3 k Monkhorst-Pack grid [47]. Phonon frequencies are cal-
culated using density functional perturbation theory and phonopy [48,
49]. The dielectric constants contribution from individual modes (ex-
plained in results and discussion) are computed using the inhouse pro-
gram.

3. Results and discussions

3.1. Developing relationship between lattice vibrations and dielectric
response

Vibrations in materials, specifically infrared active phonons, are in-
trinsically related to dielectric screening. To find the nature of vibra-
tional modes in cubic rare-earth pyrochlore structure (RE ZrZOGO’), we
use correlation and factor group analysis [50]. This analysis gives the
following irreducible representations (irreps) for the different sublat-
tices in the pyrochlore unit cell at the gamma point:

RE sublattice = A, + E + 2F;, + F,,; Zr sublattice
=A,, +E, +2F |, +Fy,
O sublattice = A, + E, + 2F, + 3F5, + Ay,
+E, + 3F}, + 2F,,; Osublattice
=F, +F,,

Thus, the total irreducible representation (excluding acoustical
modes):

crys
T = Ay, + By +2F, +4F,,

vib 6h)
+3A,, + 3E, + 7F, +4Fy,
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There are seven infrared (IR) active modes (7F1u) and six Raman ac-
tive modes (A e E, 4F2 ). Remaining modes are optically inactive. The
infrared active vibrations are shown in the Fig. 2. The Raman phonon
modes along with symmetry are provided in the supplementary
information in Figure S3 and Table S3.

Lattice vibrations contribute to the dielectric screening. More is the
screening, the higher the static dielectric constant. The static dielectric
constant is a sum of the electronic and the ionic parts, i.e.,
€, = €1oc + Eion-The ionic part contains the contribution from the in-
frared-active phonons and the Born effective charges. This part is usu-
ally dominant than the electronic part in high-k insulators. We imple-
ment and compute the static dielectric constant and the mode-oscillator
strength of individual vibrational modes using the following approach
[27]:
sgﬁ = s;‘é + &, = 8:(% + ZAsmm3 @

m

Where m labels the zone center (q=0) infrared-active vibrations.

The electronic part is given by

o0 0P(X
€gp = Ogp +4n —

o e @)

with polarization P induced by the electric field € with the condition
that all the ions are fixed at their positions, { = 0.The ionic contribution
is:

47[62 Sm,(xﬁ
;“Aemﬁ e %“ - )
m
with mode-oscillator strength tensor given by
Smap = (Zzi,aa,u,*n(ka’)) <Zz;wum<k’ﬁ’)> ®)
k(x/ k/ﬁ/

u,, (ko) refers to the eigen displacement of the kth atom along « direction
in mth mode and Q is the volume of the unit cell. Z;aﬁ is the dynamical
charge or Born effective charge and is defined in terms of change in to-
tal polarization (ionic + electronic) when an atom is displaced from its
equilibrium position. Mathematically, the Born-effective charge matrix
;“ﬁ = %%; where Py is the p
component of the macroscopic polarization induced per unit cell, when
the kth atom is displaced along the direction given by the index «. Fur-

element for the kth atom is defined by:Z

a) Infra-red modes (F,)
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ther, to fulfill the charge neutrality, the sum of the Born effective
charges of all atoms in the unit cell has to be zero i.e., Zka;uB =0.The
components of mode effective charge of the mth mode, Z, can be calcu-

lated (once we know the Born-effective charges and the eigen-
displacements of all the modes) as follows [27]:

® Zkﬁzi,aﬁum,qzﬂ (kB)
Foe ™ 172 6)
[Zkﬁu*m.qzu (kB) U q=0 (kB)

The Born charges arise due to dynamical changes in hybridization
during the vibrations of atoms. The calculated Born effective charges
for pyrochlore zirconates are given in Table 1. The rare-earths and the
Zr atom occupy positions with D3 i point group symmetry, resulting in
two different values of Born effective charges: one due to the displace-
ment in [111] direction and other degenerate values in the orthogonal
direction. The Born effective charges associated with the O atom (hav-
ing C, point group) are all non-degenerate, indicating anisotropy in
different directions. In contrast O’ atom’s charges (present at the site of
T, point symmetry) are triply degenerate and isotropic. It may be noted
that the O atom is surrounded by two Zr atoms and two rare-earth
atoms in a tetrahedral fashion, whereas O’ atom is surrounded by four
rare-earth in a tetrahedral environment indicating the difference in the
local environment around the O and O’ atoms. This different environ-
ment manifests itself in the Born-effective charges during the vibra-
tional motion of the atoms. Further, the Born effective charges for RE,
Zr, O, and O’ atoms at 16c, 16d, 48 f, and 8b sites deviate from their
nominal charges +3e, +4e, —2e, and —2e, respectively, indicating
their anomalous values. Along the zirconate pyrochlore family, we ob-
served a small change in the Born-effective charges associated with the
atoms indicating minor dynamical changes in hybridization during the
vibrations.

In pyrochlore oxides, there are seven infrared active F - vibrations.
Generally, in pyrochlores, these vibrations span frequency range from
around 70-600 cm-! [21,24] except the stannate and platinate py-
rochlores with frequencies exceeding 600 cm-1. Table 2 shows DFT cal-
culated infrared-active vibrations along with the experiments. Our cal-
culations find the lowest frequency mode i.e., the first mode, m > hear
90 cm-1 and the second mode, m,, near 125 cm-1. Modes m, and m,
were attributed to O’-RE-O’ bend and O-RE-O bend respectively by Mc-
Cauley [51]. Similarly, the remaining polar modes were assigned as fol-
lows: the mode m, (near 190 cm-1) to RE-ZrO s stretch, the mode m .
(near 205 cm-1) to O-Zr-O bend, the mode m, (near 340 cm-1) to RE-O
stretch, the mode m . (near 400 cm-1) to RE-O’ stretch, and the mode
m,_ (near 515 cm-1) to the Zr-O stretch. Along the pyrochlore family, an

b) Infra-red modes (Fp,)
500 4
L R .
2
> e - - *—————
E 300 4
L]
=
5
) O =mm e
Lty - :——-—::t:::::t:::::t
- e g Al =
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Fig. 2. Variation of Infrared active vibrational modes in pyrochlore zirconates, REZZrZO7 (RE= Pr, Nd, Sm, Eu and Gd) using a) LDA, and b) PBEsol functionals.
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Table 1

DFT calculated Born effective charges with RE ion centered at (1/2, 1/2, 1/2), Zr ion at (0, 0, 0), 048f ion at (x, 1/8, 1/8) and Osb ion at (3/8, 3/8, 3/8) for py-

rochlore zirconates. Eigenvalues obtained after diagonalizing the Born effective charge matrices are also given in square brackets.

material Zie z, Z(*)m Z(*)8h
Pr.Zr 0, 4094 —0.096 —0.096 5714 0378 0378 —2963 00 1016 -2.794
—0.096 4.094  0.096 0378 5714 -0378 00 -2493 0.0
—0.096 0.096  4.094 0378 —0378 5.714 1016 00  —2.963
[4.286, 3.998, 3.998] [6.092, 6.092, 4.958] [-1.947, - 2.493, —3.979]
Nd 7Zr 0, 4.078  —0.081 —0.081 5713 038 038 2958 00 1016 2777
—0.081 4.078  0.081 038 5713 —-038 00  -2491 0.0
—0.081 0.081 4.078 038 —038 5.713 1016 00  —2.958
[4.240, 3.997, 3.997] [6.093, 6.093, 4.953] [-1.942, - 2.491, —3.974]
Sm 7Zr. O, 4.047  —0.045 —0.045 5706 0393 0393 —2.946 0.0  1.004 -2.742
—0.045  4.047  0.045 0393 5706 —0.393 00 —249 0.0
—0.045  0.045  4.047 0393 —0393 5.706 1.004 00  —2.946
[4.137, 4.002, 4.002] [6.099, 6.099, 4.920] [-1.942, - 2.496, —3.950]
Eu7Zr O, 4.030  -0.028 -0.028 5704 0398  0.398 294 0.0 0999 2724
—0.028 4.030  0.028 0398 5704 —0.398 00 -25 00
—0.028 0.028  4.030 0398 —0398  5.704 0999 0.0 —2.94
[4.086, 4.002, 4.002] [6.102, 6.102, 4.908] [-1.941, - 2.500, —3.939]
Gd Zr.0, 4015 -0.011 —0.011 5702 0.401  0.401 2935 00 099 -2.707
—0.011 4015  0.011 0401 5702 —0.401 00 -2497 0.0
—0.011 0011 4015 0401 —0.401  5.702 0996 0.0  —2.935
[4.037, 4.004, 4.004] [6.103, 6.103, 4.900] [-1.939, - 2.497, —3.931]
Table 2 increase in wave-numbers along the family of pyrochlore zirconates.
DFT calculated infrared active frequencies (cm-1) of RE22r207 (RE = Pr, Nd, The decrease in the wave-numbers in modes m,, m, m and m are
Sm, Eu, Gd) pyrochlores calculated using PBEsol (LDA) approximation along mainly due to an increase in the mass of rare-earths along the family. In
with the experiments. contrast, an increase in the wave-numbers of modes m_and m_ shows
Infrared m om, m, m, m, m, m, the dominant contribution of respective stretching force constants
active which overshadows the effect of increasing mass of the rare-earths. Al-
Pr 71 O most the same wave-numbers of the mode m, show the effect of increas-
, 20,0, . . . .
DET 85 121 184 200 319 376 490 ing mass of rare-earth is counter-balanced by the increase in the force
(99) (133) (195) (216)  (342) (394) (507) constant of the RE-O bond.
Nd 7Zr 0, The mode-wise contribution of the ionic part of static dielectric con-
DFT 82 117 181 195 319 7 497 stant to static dielectric constant (¢y) and mode effective charges (Z")are
97) (130) (1949 (214) (342 (398) (510) . . ble 3. The el . £ th ic diel .
Expt. [21] 70 132 187 226 372 A1 = given in T.a e 3. The electronic part of the static fel ectric consttant
Sm Zr O (¢«) remains almost the same as we move along the zirconate family.
2 27 . . . . . .
DFT 77 111 177 189 319 387 506 However, there is an increase in the dielectric constant, mainly due to
(93) (124 (191 (208)  (342) (403) (519) an increase in its ionic part.
EXP;‘ [é” 92 126 174 244 s 532 The mode oscillator strengths (Smap) and mode effective charges
U 4T
pFr © | 73 107 174 185 317 389 510 (Z1,) directly relate to the ionic contribution. Fig. 4 shows the mode
(88 (120) (186) (201) (339 (405) (524) effective charges and ionic part of static dielectric constant of all the
Expt. [21] - - 170 241 350 420 530 seven infrared-active vibrations. Out of these seven F, modes, modes
Gd,7r.0, m,, m_and m_have the highest mode effective charges and maximum
DFT 69 103 170 182 316 392 513 2 ts) . ds th ic dielectri des in the high
5 (116) (184) (198) (338) (408) (528) contribution towards the static dielectric Cf)nstant. Modes in the high-
Expt. [21] - - - 218 . 462 533 frequency range (m o M and rn7) have minor mode effective charges
and, therefore, smaller ionic contributions to the static dielectric con-
increase in the frequency of mode m_and mode m_ is found due to de- stant. ) ) o
crease in RE-O and RE-O’ bond lengths. The mode f:ffec.tlve charge of rn.ode.m is smal.l d(?splt.e its l(.)w fre-
Our DFT calculated vibrational eigen-vectors predict that the mode ~ duency, resulting mna small contribution to t.he lonic d1e¥ectr1c con-
m, and m._ should be assigned to the O-RE-O bend and the O’-RE-O° stant. Further, moving along the pyrochlore zirconate family, a maxi-

mum increase in the ionic part of the dielectric constant due to mode,
m,, is observed. Mode m p My, and m_show an increase, mode m, re-
mains constant, while mode m 3 and m, show a decrease in the ionic di-

bend, respectively (as shown in Fig. 3 for mode m,). The first four
modes (ml, m,, m,, and m4) show a decrease in wave-numbers, the
mode m, remains almost the same, and the modes m " and m, show an

Fig. 3. Displacement pattern of atoms in infrared-active vibration, F represented by mode m, in pyrochlore zirconates. Color code: RE: gray, Zr: blue, O: red, and
O’: green.
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Table 3

DFT calculated electronic dielectric constant (£«), static dielectric constant
(80) and contribution of infrared active modes (Ae) and mode effective
charges (7*) in pyrochlores (PBEsol functional).

m; my my my ms mg my [ £
PrZZr207

Ae 197 1064 9.76 0.10 7.68 0.24 0.83 485 36.08
7" 2.49 7.84 824 0.67 1228 194 4.62

NdZZrZO7

Ae 228 11.66 9.63 0.45 7.26 053 0.84 485 37.50
7* 2.52 791 8.09 1.34 1155 289 4.66

SmZZrzo7

Ae 3.57 13.03 898 1.72 6.77 0.82 0.84 4.84 40.57
7" 2.84 7.78 7.45 258 10.78 3.66 4.68

EuzZr207

Ae 434 1419 830 282 6.47 1.02 0.83 484 4281
7* 2.89 7.73 6.86 3.32 10.29 414 4.66

GdZZrzo7

Ae 491 15,53 7.61 3.98 6.27 1.16 0.83 4.84 4513
7" 2.87 7.72 6.29 3.96 9.97 443 4.64

electric constant along the pyrochlore zirconate family. Overall, we ob-
served an increase in the static dielectric constant along the family
mainly due to the contribution of mode m,. The mode m, is mainly due
to O’-RE-O’ bending as shown in Fig. 3.

3.2. Structural parameters relation to tolerance factors

Structural information, especially the local environment around
cations (RE3+ and Zr3+) is critical to influencing the dielectric re-
sponse. The pyrochlores crystal lattice (with formula unit RE 2Zr 2O 60’)
is completely described in terms of lattice constant (a 0) and u parameter
of O-atom at 48 f position (O g PATAmeter). The point group symmetry
and the coordinates of the atoms are given in the supplementary
information, Table S1.

In pyrochlore crystal, RE atoms are surrounded by O and O’ atoms.
The oxygen atoms at 48f positions are bonded to two RE atoms and two
Zr atoms, whereas the O’ atom is connected to RE atoms. The RE-O’
bond (shortest bond in these materials) depends on only a, and Zr-O
and RE-O bonds depend upon both a and u parameters. Generally, the
u parameter is obtained from the refinement of powder diffraction data.
Since the O atom is a weaker scatter of X-rays than either of RE and Zr
atoms, X-ray methods are of limited accuracy. Powder neutron diffrac-
tion methods can also give a good estimate of the u parameter, but neu-
tron sources are not frequently available. Therefore, DFT calculated
values can provide a good benchmark for the observed values of u para-
meters. The a and u parameters are given in the supplementary
information Table S2. With the decrease in RE3+ radii (due to the lan-
thanide contraction) along the family of zirconates, a ., decreases and u
increases in agreement with the other pyrochlores [24]. This fact is in

D
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contradiction with calculations of R. A. McCauley [52]; in these calcu-
lation a decrease in u with a decrease in a is predicted. The almost lin-
ear variation of a with respect to RE3+ ion radius indicates ionicity
[53].

The RE3+ cations located in the oxygen scalenohedral are eight co-
ordinated (2 O' + 6 O). The Zr4+ ions are surrounded by the trigonal
antiprism formed by the six O atoms. The RE3+ scalenohedron becomes
a cube when u approaches 0.375 (Table S2); and Zr4+ trigonal an-
tiprism becomes a perfect octahedron when u approaches 0.3125. At u
= 0.3750, defect fluorite structure is obtained. This shows that the u
parameter is a direct measure of the environment around Zr4+ cation in
pyrochlore oxides. Further, u = 0.3125 corresponds to the ideal py-
rochlore structure. The environment around Zr4+ cations is more like
an octahedron, indicating that the structure in each case is close to the
ideal pyrochlore structure. However, along the family pyrochlores
show a tendency towards fluorite structure as indicated by the increase
in the u parameter (Table S2). The bonds RE-O,__and Zr-O,_. decrease
with the decrease in the RE3+ionic radii. Further, the £ZrOZr (£OZrO)
bond angle decreases (increases) with the decrease in a_along the fam-
ily. For a small RE atom there is large decrease in bond lengths of ZrO 6
octahedral, which is partially compensated by the increase in the u pa-
rameter along the family (Table S2). Further, a decrease in ZrO_ bond
lengths along the family can be attributed to increase in overlap of O-2p
and Zr-4d states as observed in pyrochlore oxides [25], which may sig-
nificantly affect the dielectric response.

DFT calculated lattice constants are in good agreement with experi-
mental lattice constants with a maximum relative error of ~1.4% for
LDA and PBEsol functionals (see Table S2). The stability of pyrochlore
type structure is determined by the radius ratio of RE (3 + state) and Zr
(4+ state) cations (rRE/rZr). The radius ratio with values 1.564, 1.540,
1.499, 1.481, and 1.4625 for Pr22r207, Nd22r207, SmZZr207, Eu22r207,
and Gd ,Zr,0_ zirconates, respectively, are found indicating stability un-
der ambient conditions as stability criteria 1.46 < r/t, < 178is ful-
filled [54].

Based on the oxygen u parameter, radii of RE, Zr, and O atoms, the
two tolerance factors £, and t, for pyrochlores are defined as [34]:

Y- 1/42+1/32 <rRE+rO>

= (@]
Vw—1/22 41732 N7 o
and
V3a
h= 8(rpe +1,) ®

The e Ty and r_ are the ionic radii of RE, Zr and O ions in 3+, 4+,
and 2- states respectively. The tolerance factor t_ is defined with respect
to the RE 2Zr2 tetrahedra with O atom inside, and t, is defined with re-
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Fig. 4. Mode-effective charges of individual modes (left) and mode wise contribution of ionic dielectric constants (right) in pyrochlore zirconates using PBEsol (for

LDA results, see the supplementary information Fig. S4).
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Fig. 5. : Relation between the tolerance factor t, and tolerance factor t, with the ratio (rRE/rZr) of radii of RE and Zr species.

spect to the RE . tetrahedra with O’ atom inside REZZr207 unit (The
tetrahedral environment around O and O’ atoms is shown in Fig. 1, re-
spectively). The tolerance factors £ and t , are found to be in the range
0.968-0.970 and 0.920-0.930, respectively. We found ¢t | to be close to
unity than t, Fig. 5 shows the variations of tolerance factors t . and t,
with respect to radius ratio, /T With a decrease in radius ratio
/T there is linear increase in the t, ”

Fig. 6. : The connected O’-RE-O’ network (part of which is shown by the red ar-
row) responsible for the dielectric screening (Color code: RE: gray, O’: green,
Zr: blue, and O: red).
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3.3. Engineering the dielectric screening through the tolerance factors

The pyrochlore structure can be visualized as the framework of
RE,0’ chains and ZrO 6 hexagonal units (see Fig. 6). The O’-RE-O’ unit
(contributing significantly to the dielectric screening due to the vibra-
tional mode rnz) is a part of the REZO’ network. This shows that the in-
crease in the static dielectric constant is associated with the RE_O’ net-
work of the pyrochlore zirconates. In fact, we can generalize that the
enhancement of the static dielectric constants originates from the
RE,O’unit as shown in Fig. 6 in complex pyrochlores oxides.

Further, tolerance factor t_ is defined with respect to the RE , tetra-
hedra with O’ atoms at the center. This RE O’ network is in fact a part
of the RE_O’ chains in pyrochlore structure (see Fig. 6), indicating a di-
rect relation of t,_ with the dielectric constant (see Fig. 7). Fig. 7 shows
the variations of t, with Ag, (due to O’-RE-O’ bend) and the total static
dielectric constant (o) along the pyrochlore zirconate family.

Therefore, a direct one-to-one relationship of t, with €o is estab-
lished. Further this provides a handle to manipulate the dielectric re-
sponse by a simple manipulation of t, * thet , can be altered according to
the Eq. (8). Specifically, the RE atom parameter in a material oxide can
be modulated (e.g., by doping [55,56] the RE atom sites with an isova-
lent atomic species to find a desired dielectric response in variety of
technological import pyrochlore oxides). Note that the temperature-
induced changes in RE-O bond may alter the dielectric response which
cannot be captured from the present DFT approach.

It may be noted that the classic way to determine the dielectric per-
mittivity in molecular and solid systems is through the Clausius-
Mossotti (C-M) relation [57] given by:

] ® prtd
44 —_: ® Nd+?
] ® Sm*
42 ® Eu'tt
E 7 ® Gdt? >
40
38 5
36—

0.9200 0.9225 0.9250 0.9275 0.9300
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Fig. 7. : Relation between tolerance factor t with a) the dielectric contribution of infrared active mode, A€;, and b) with the static dielectric constants, €o, in py-

rochlore zirconates.
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gy = 3V, +8xa})/3V,, — 4ra})

where ¥, and @], are the volume and total polarizability of the mole-
cular or solid system. To predict the €o, @}, is approximated from the in-
dividual polarizability of constituent units of the system. This has led to
a good prediction for crystalline [58] materials although there is a lim-
ited database (from Shannon [59]) of individual dielectric polarizabil-
ity of ionic species to make accurate € predictions from the C-M equa-
tion. Further, the underestimation of dielectric constant has been sug-
gested in a study by Naoi et al. [60] Contrary to this, the present study
employs DFT to estimate the € with electronic and phononic contribu-
tions leading to a better prediction of dielectric response. Further, rela-
tive importance of electronic and phononic parts to dielectric response
is suggested using the present approach compared to the C-M relation.

4. Conclusions

The lattice vibrations of rare-earth pyrochlore zirconates, RE,Zr,0,
(RE = Pr, Nd, Sm, Eu, and Gd) are explored using density functional
theory. Out of the seven infrared active modes, three modes (mz, m,,
and m ) show a significant contribution towards the dielectric screen-
ing. Along the pyrochlore zirconate family, the dielectric constant in-
creases due to the increase in its ionic part. This increase in the dielec-
tric constant is due to the vibrational mode m_ (O’-RE-O’ bending
which is part of RE ,0’ chain in pyrochlore). In a nutshell, the RE ,0
unit is responsible for the dielectric screening in pyrochlore oxides.

Structurally, the environment around Zr4+ cations is found to be
more like octahedron indicating that atomic arrangement is close to the
ideal pyrochlore structure. However, along the pyrochlore zirconate
family, there is an increase in the oxygen parameter leading to the fluo-
rite structure. The tolerance factors ¢t and t, are calculated along with
the variation of radius ratio (rRE/rZr) for pyrochlore zirconates. With de-
crease in radius ratio, r/T,a linear increase in tolerance factor t , is
uncovered.

Variations of tolerance factors with the dominant ionic part of the
static dielectric constant is studied, and a linear relation of t_ with the
dielectric constant along the pyrochlores zirconate family is estab-
lished. The tolerance factor t, is associated to the RE  tetrahedra with
O’ atoms at the center. This tetrahedra is basically a part of the RE,O’
chains giving rise to significant dielectric response.
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