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Abstract

Models for composition-structure relationships are useful in both the lab and
industry, yet few exist for perovskites-containing extrinsic defects or cation order-
ing. In this work, an empirical model is used to predict the existence of A-site
cation ordering. Specifically, four compositions in the Nag _3y)la4.x2TiO3 sys-
tem (x=0.0, 0.0533, 0.1733 and 0.225) were synthesized using a conventional
solid-state mixed-oxide method. The structure of the x=0 end-member (Nag sLag 5.
TiO3) has been reported in various space groups, but always with a random distri-
bution of Na* and La®>* on the A site; however, empirical modeling suggests that
it is not only ordered but also that a small volume increase accompanies the
ordering process. While no evidence of long-range A-site ordering is observed in
this composition via X-ray or neutron diffraction, electron-diffraction data indicate
short-range ordering of Na* and La®" ions, with the degree of cation ordering
decreasing (but the scale of ordered domains and degree of vacancy ordering gen-
erally increasing) with increasing x. First-principles calculations via density func-
tional theory support both conclusions that short-range ordering in Nag sLag sTiO3
is stable and that it results in a volume increase with respect to the disordered
analog. A similar analysis has been conducted for the Lij_sy2la0412TiO5 and
Nag; _32Lla4+.02(MgosWo 5)O3 solid solutions. These systems provide additional

validation of the accuracy and versatility of the empirical modeling method used.
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compositions, without the need for expensive trial and error
or time-consuming computation, is the primary key to fully

Predicting perovskite structures is a subject of continuous
and significant interest. Perovskites arguably exhibit a
wider variety of useful phenomena (eg, ferroelectricity,
piezoelectricity, superconductivity, colossal magnetoresis-
tance, etc.) than any other structure type.' Predicting struc-
tures—and, by extension, properties—based on chemical

“Member, The American Ceramic Society.

exploiting these highly useful materials.

The compound NagsLaysTiO; is the x=0 end-member
of the Nag_3ynlagin2TiO3 (NLT) solid solution and
belongs to the loparite family of minerals found in foido-
lites and aegirine-albite metasomatic rocks. It is particularly
remarkable because it exhibits quantum paraelectricity at
low temperatures (<50 K).2 Furthermore, it is thought that
the paraelectric phase at these low temperatures is stabi-
lized by “zero point quantum fluctuations” which prevent
the freezing of its ferroelectric soft mode.?
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Evidence of short-range A-site cation and vacancy
ordering domains is difficult to establish via X-ray diffrac-
tion (XRD); however, electron diffraction is generally more
sensitive to such structural effects. Short-range A-site
cation ordering of the type 1:1 can be inferred by the exis-
tence of diffuse pseudocubic “2{even,even,odd} B superlat-
tice reflections.

All previous investigations of NagslaysTiO; have
reported a disordered long-range distribution of the A-site
cations (ie, random distributions of Na* and La®>" cations).
The first such studies*® reported that the structure of
Nay sLay sTiO5 was cubic, space group Pm3m. Others later
proposed an orthorhombic structure in space group Pnma.”
¥ Most recently, several groups'®'® have used synchrotron-
and neutron-diffraction data to establish either tetragonal
(I4/mcm) or trigonal (R3c) structural models, with a phase
transition to an orthorhombic form in the region 0<x<0.05.
Knapp & Woodward'? suggested that the A-site ordering
observed in the analogous perovskite (NagsLags)
(MgpsWo5)O3 would imply that NagsLagsTiO; should
also have A-site cation ordering; however, they observed
no such long-range ordering. Garcia-Martin et al.'” used
electron diffraction to observe diffuse “2{even,even,odd}
superlattice reflections in Nag sLag sTiO3, which they attrib-
uted to ordered nanodomains (ie, short-range order).

Ruiz et al® initially studied the structures of
Nag4olag 5267TiO3  (x=0.05) and  Nag4lag 58671103
(x=0.17) by electron and neutron diffraction as a means to
determine the structures between the two end members,
NagsLagsTiO; (x=0) and La,sTiOs; (x=Y4). They found
that more than one type of superlattice reflection existed
for these compositions and proposed orthorhombic (Ibmm)
structures for both, each containing small octahedral tilt
angles. Ruiz et al.” later studied these compositions again
plus Nag 1¢5La06117TiO5 via electron and neutron diffrac-
tion to re-address the superlattice reflections, and they
claimed that the Y2{even,even,odd} reflections were formed
by three sets of micro-domains; however, their Rietveld

{001 }pc, Layered { 1 10}

pc, Columnar

refinement fit for x=0.17 was improved using Pbmm rather
than Ibmm. They reported®” an orthorhombic cell in space
group Pbmm for x=0.05, Ibmm for x=0.17, and a doubled
orthorhombic cell in Cmmm for x=0.225. In 2003, Howard
and Zhang18 proposed the Cmmm structure for Lay;sTiOs
(x=1/3); however, Gonen et al.'® found that La,;3TiO5 is
isomorphous with the Nd,,3TiO5 model in /4/mmm reported
by Richard et al.,”® consisting of shifted La,Ti;Oq slabs,
yielding a La,;3TiO; compound with a layered structure in
which vacancies cluster on every third {001} plane.

While A-site ordering in perovskites is most commonly
reported on pseudocubic {001} (layered), 1:1 A-site order-
ing can occur in two other geometries: {110} (columnar)
and {111} (rock salt) (Figure 1). For example, (NaLa)
MgW)Og¢ forms in tetragonal P4/mmm and orders with a
layered geometry>' while (CaFe)Ti,Oq forms in tetragonal
P4,/nme and orders with a columnar geometry,” and
(NaBa)(LiNi)F forms in cubic Fm3m, ordering with a
rock-salt geometry.>® Other geometries are possible for dif-
ferent stoichiometries. For example, the 1:3 ordered CaCus.
TiyO, compound orders in a more complicated way in
cubic space group Im3.2*%

Inaguma et al.'* refined the structure of NagsLag sTiO3
in both J4/mem and R3c because the anti-phase octahedral
tilting was difficult to quantify; however, they assumed a
fully disordered structure. The octahedral tilting in [4/mcm
is about a single pseudocubic axis parallel to the tetragonal
c axis (ie, a’a®c™ in Glazer’s n0tation,26) whereas in R3¢
the degree of tilting is equal along all three pseudocubic
<100> axes (a a a ), which is equivalent to a tilt about
the hexagonal ¢ axis.

Using a combination of synchrotron and neutron pow-
der diffraction data, Garg et al.'* showed that R3¢ was a
better description of the structure of NagsLagsTiOz than
I4/mem. The octahedral tilting about the hexagonal [001]
was quantified at about 8°. Again, no evidence of ordering
was found; however, their synchrotron data did not extend
below 5° (260) and they used a wavelength of 0.5 A, which

{ 111 }pc, Rock Salt
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FIGURE 1 Pseudocubic view of Nag _3,,L.a(1.4.,,TiO;5 for the three types of 1:1 geometries that A-site ordering can occur {001} (layered), {110}
(columnar) and {111} (rock-salt) [Color figure can be viewed at wileyonlinelibrary.com]
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means that the largest possible d spacing observable would
have been 5.7 A—far too small to detect a {001} super-
lattice peak at ~7.75 A should one have existed. Similarly,
they used a wavelength of 1.548 A for their neutron-dif-
fraction data, which did not extend below 20°; therefore,
the maximum d spacing observable would have been just
45 A. As a consequence, while higher-order superlattice
reflections indicative of A-site order might have been
detectable in these experiments, the stronger fundamental
{001} peak could not have been detected even if present.

Superlattice Y2 {even,even,odd} B reflections observed by
Garcia-Martin et al.'” in electron-diffraction data suggested
cation ordering in both NajsLag sTiO5; and Nag sLag sZrOs3;
however, the superlattice reflections of the former composi-
tion were much more diffuse. They hypothesized that short-
range A-site ordering may form nanodomains in which the
ordered planes are mutually perpendicular, as they would
be on various pseudocubic {001}.

Recently, Ubic et al. studied Sr;_3,Ln,, TiO; (Ln=La,
Nd, Ce)*’° and developed®® a general empirical model for
the effective sizes of A-site species (including vacancies)
and anions in perovskites which can thus predict the pseu-
docubic lattice constants. By analyzing the systematic
errors between the NLT experimental pseudocubic lattice
constants dpc expu,) (Equation 1) and the predicted pseu-
docubic lattice constants (Equations 2-3) based on the
empirical model, they suggested® the existence of A-site
ordering in NLT, the degree of which decreased with
increasing x; but they were unable to reconcile this conclu-
sion with the reported structures of NagsLagsTiOs or the
counterintuitive apparent volume increase which the model
predicted upon ordering in this system.

N

Apc, (Exptl.) — (Z> (D

a;C = \/E(rA +rx) 2)
agc =2(rg + rx) (3)

In Equations 1-3, V, Z, ra, g, and rx are the cell volume,
number of ABXj5 units per unit cell, and the effective ionic
radii of A, B, and X ions, respectively.’!

The conventional tolerance factor>> can be calculated as
the ratio of

/ "
apc / apc

(=D _Tatro )
apc \/5(7’ B +r X)
In 2007 Ubic et al.*®> published a method of calculating
pseudocubic lattice constants and later®>>* revised it in
order to accommodate extrinsic defects, deriving from the
revised formula a new model for tolerance factor:
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_ ape — 0.011730139
~0.7209203 (15 + %)

t — 0.760998, )

where r5 and ry correspond to the published®' ionic radii
of B and X ions, respectively. Ideally #,=r;"**’ however, 1,
predicts tilt structures of perovskites better and does not
require knowledge of r, (but does require foreknowledge
of ap.). Equation 5 can also be solved for a,. in terms of
ty, g, and rx:

ape = 0.7209203(1; + 1.760998)(rg + rx) + 0.011730139
(6)

Neither Equations 5 nor 6 requires explicit knowledge
of the A-site size, which is a non-trivial problem especially
when vacancies are involved. According to the model of
Ubic et al.,30 it is the sum of three separate terms: the ideal
(Shannon) size, a bond-deformation (BD) term (Equa-
tion 7), and the effective size of vacancies, ry (Equa-
tion 8):

BD = 7.4801 — 12.3139¢; + 4.82574; (7
ry = —20.8983 + 36.941715 — 14.17714; 8)

where #, corresponds to the conventional tolerance factor
(Equation 4) for the x=0 composition. The effective anion
size is reportedly® a function of 7,:

X _ 0.42983 + 0.566961, 9)

rx (id)

Finally, Ubic et al.*® developed an empirical relation
between t; and the conventional ¢, allowing the predic-
tion of effective values for rx without experimental ap.
data, thus their model can accurately predict a,. values
of A-deficient perovskites from published ionic radii data
alone.

The present work provides both validation of this
empirical model as well as confirmation of the true struc-
ture of several members of the Nag; _3y)Lla( 4., TiO5 solid
solution. A total of four compositions (x=0, 0.0533, 0.1733
and 0.225) were synthesized and studied to investigate the
sensitivity of this empirical model regarding short- and
long-range A-site ordering.

The A site maintains a 2+ formal charge, which is con-
veniently formulated as:

Na(%) La(%) VXTIO3

where V corresponds to vacancies. The defect chemistry
can be formulated as:

Na,,La,,TiO;
3 —

La,O 2Lag;, +4Vy, + 305

There are three A-site components (ie, increasing [La],

decreasing [Na], and increasing [V]) that must be
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considered with this defect chemistry, and all are accounted
for in this formulation.

The model as developed previously starts with the
assumption of an ‘“average” (1 — 3x)
Na T (1 + X)r,)/4 and the stoichiometry is purposely for-
mulated so that x represents the degree of vacancy “dop-
ing” on this site (ie, x=[V]). Alternately, this system can
be thought of as doping the “average” cation site with
La’* according to:

(NayjsLay ), _5,LaxTiOs

cation size

In this way the model used here is exactly analogous to
A" _39Ln*T,,BO; systems already studied,”® in which
x=[V].

2 | MATERIALS AND METHODS

Four compositions in the system Nag_3ynlagy2TiOs
(x=0, 0.0533, 0.1733 and 0.225) were synthesized via
the solid-state mixed-oxide route. No excess sodium was
added to the compositions, but a sacrificial powder bed
was used to induce a sodium-rich closed environment.
Additionally, the calcination and sintering were conducted
in a pre-contaminated crucible to inhibit sodium-loss into
the crucible walls. As-received La,O3 (99.9%, Alfa-Aesar,
Ward Hill, MA) powder was first hydroxylated by mix-
ing with an excess of deionized water and drying over-
night, forming La(OH);. Stoichiometric amounts of
Na,CO5; (99.5%, Thermo Fisher Scientific Inc., Pitts-
burgh, PA), TiO, (99.9%, Aldrich Chemical Co., Mil-
waukee, WI), and La(OH); were then ball-milled with
yttria-stabilized ZrO, media using deionized water in a
high-density nylon pot for ~24 hour. Powders were then
dried overnight in an atmospheric drying oven at 80°C-
100°C until the water was evaporated. Calcination was
conducted at 1000°C for three hours in a box furnace
(1807FL, CM Furnaces Inc., Bloomfield, NJ) with a sac-
rificial powder in an inverted pre-contaminated Al,Oj
crucible placed on an Y,0; plate. After calcination the
powders were crushed using a mortar and pestle. Cal-
cined powders were then sieved to under 250 pum and
mixed in water with 2 wt% polyethylene glycol (PEG
10 000, Alfa-Aesar, Heysham, UK) powder which was
dissolved in water prior to mixing. The mixture was then
dried overnight in an atmospheric drying oven at 80°C-
100°C until the water was evaporated. Cylindrical green
compacts 8-10 mm in height and 10 mm in diameter
were then formed by applying a uniaxial pressure of
63 MPa. Compacts were sintered for 3 hour at 1350°C
with a sacrificial sodium-rich powder and the same pre-
contaminated plate/inverted crucible apparatus previously
described.

Powder XRD measurements were performed in a
diffractometer (Miniflex-600, Rigaku, Woodlands, TX)
operating with convergent-beam geometry and Cuk, radia-
tion. Le Bail fits of the XRD data were analyzed using Dif-
fracPLUS TOPAS 4.2 (Bruker AXS Inc., Madison, WI).
The background was fitted with a fourth-order Chebychev
polynomial, and asymmetry was corrected using the Finger
et al. model. >

Scanning electron microscopy (S-3400N-II, Hitachi
High-Technology, Tokyo, Japan) and quantitative energy
dispersive X-ray spectroscopy (EDS) (Energy+, Oxford
Instruments, UK) was performed on each of the samples to
verify composition and homogeneity, as conventional pro-
cessing can result in compositional fluctuations due to the
volatility of sodium oxide. Quantitative EDS for each sam-
ple was performed using the same conditions (ie, accelerat-
ing voltage, beam current, and working distance). Amelia
albite, lanthanum phosphate, and ilmenite standards were
used to quantify Na, La, and Ti, respectively.

Specimens for transmission electron microscopy (TEM)
(JEM-2100 HR, JEOL, Japan) were prepared from sintered
pellets by mechanically cutting them with a diamond
wafering blade then polishing the faces via conventional
ceramographic techniques, finishing with a precision ion
polisher (Model 691 PIPS, Gatan, Pleasanton, CA) at low
ion-beam angles to achieve electron transparency (ie, thick-
ness ~100 nm). Amorphous material cuased by ion damage
was removed using a plasma cleaner (Model 1400, E. A.
Fischione Instruments Inc., Export, PA) prior to observa-
tion in the TEM.

The Vienna Ab initio Software Package®® was used to
conduct structural and energetic calculations according to
density functional theory (DFT). The spin-polarized gener-
alized gradient approximation was used within the Perdew
Burke Ernzerhoff formalism.?’ Plane-wave basis sets were
expanded using projector-augmented wave®®>° pseudopo-
tentials to a cutoff energy of 500 eV. The Brillouin zone
integration was performed on a 10 x 10 x 10 gamma-cen-
tered mesh for tetragonal and a 10 x 10 x 5 gamma-cen-
tered mesh for trigonal settings. To account for Fermi
surface broadening, a Gaussian smearing value of 0.05 eV
was applied. All relaxations of the lattice parameters and
atomic positions were performed until residual forces were
reduced to 0.01 eV/A.

3 | RESULTS AND DISCUSSION

No secondary phases were detected in Nag _synlag .y
,TiO3 samples via XRD (Figure 2) or EDS (Table 1); how-
ever, no ordering superlattice reflections were observed via
XRD in NagsLagsTiOs either. The lack of superlattice
reflections was expected, as the ordering reportedly exists'’
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FIGURE 2 Nag_3ynlagy,TiO; X-ray diffraction x=0.0-0.225.
Peaks marked with * result from long-range A-site cation ordering [Color
figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Nag_3,pnlag,,TiO; energy dispersive X-ray
spectroscopy (EDS) results. Both ideal and experimentally determined
stoichiometries are shown

Nominal composition x (ideal) Na La x (Exptl.)
Nay sLag 5TiO3 0 0.4957 (27)  0.5015 (14)  0.0000 (29)
Nay 45120 5067 TiO3 0.0533 0.4187 (33) 0.5271 (11) 0.0542 (33)
Nay 54l 5867Ti03 0.1733 0.2389 (54) 0.5871 (20) 0.1741 (98)
Nay 1625La0.6125TiO3 0.2250  0.1607 (62) 0.6131 (21) 0.2262 (42)

as nanodomains within a disordered matrix. No long-range
order exists. The XRD patterns have been indexed in the
following space groups: x=0 in I4/mcm, x=0.0533 in
Ibmm, x=0.1733 in Pmma, and x=0.225 in Cmmm (Fig-
ure 2).

Figure 3 shows a comparison of calculated XRD pat-
terns for the x=0.1733 composition in space group Pmma.
In this setting the A-site Wyckoff positions are 2e(},0,z)
and 2f(i,%,z), each with a single degree of freedom.
When z=0.75 on both 2e and 2f, the result is non-charac-
teristic orbits in which the atomic positions are identical to
those in an ideal perovskite. These z values were adjusted
in model calculations to analyze their effects on XRD pat-
of z values were

terns. Four different combinations

Journahﬁ
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compared in both ordered and disordered variations of this
composition. Figure 3 has been indexed according to the
pseudocubic unit cell, which is related to the orthorhombic
one in Pmma by the following matrix transformation:

10 —17 [ape
0 2 0 |]bp
10 1] |cpe

[aoboco] =

Clearly, alterations in z correspond to A-site cation dis-
placements along [101],.. The simulations show that the
peaks at 11.39° and 25.69°, corresponding to B superlattice
reflections '%(010) and '2(012), respectively, are due to
cation ordering alone; whereas the peaks corresponding to
A-site cation displacements were dependent on the nature
of those displacements. Unequal 2e and 2f z parameters
give rise to the '2(111) peak at 19.82° and contribute
weakly to the '2(101) and '2(121) peaks at 16.17° and
28.16°, respectively. Equal 2e and 2f parameters yield
strong 72(101) and "2(121) peaks but also contribute weakly
to the Y2(111) peak.

EDS results are shown in Table 1 and demonstrate that
there were no impurities detected and that the overall com-
positions were close (ie, within resolution error) to the
nominal compositions. Moreover, the small amount of
sodium loss was less than 0.68 at.% average absolute rela-
tive error.

It is well known that ordered structures generally pack
more efficiently than disordered ones,40 which is the basis
for the decrease in specific volume generally observed
upon crystallization, so ordering in complex perovskites is
typically expected to result in a decrease in unit volume.
Zhang et al.*' reported pyrochlore-to-defect-fluorite results
that support the conventional view of lattice contraction
upon ordering. In that work, the lattice constant was found
to decrease as Zr*' (0.72 A) was replaced by Sn**
0.69 IOA). Part of the contraction is no doubt due to the size
difference between these two species; however, the degree
of order also reportedly increased (from defect-fluorite to
pyrochlore) as the Sn** content (and so lattice constant)
decreased. On the other hand, Karthik et al.** reported a
decrease in cation order in lanthanide pyrohafnates as lat-
tice constant decreased across the lanthanide series, which
phenomenon was easily explainable due to the large size
reduction in the lanthanide species from La®* to Lu®*. In
the case of B-site ordered Ba(Mg;,3Ta,/3)O3, Mani et al.®
reported a unit cell with a,.=4.0868 A. In this case, the
modeling technique described above results in unexpect-
edly large positive errors in both @', (0.952%) and a”,.
(1.595%), suggesting an overestimation of rg caused by the
volume shrinkage induced by ordering. Other examples are
listed in Tables 2 and 3. Table 2 shows the results using
the weighted average of B-site cation sizes’' while rg val-
ues in Table 3***® have been reduced, effectively
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FIGURE 3 Simulated XRD traces for Nag _3,5la(1.4.,TiO3 x=0.1733 in Pmma, varying both the ordering state and A-site atomic positional

displacements. The peaks have been indexed according to the pseudocubic unit cell

decreasing the absolute errors in both @', (0.000%) and a
"pe (0.000%). In order to validate the assumption of volume
shrinkage upon B-site ordering and thereby validate this
method, the effect of B-site ordering was also calculated
via DFT for La(Zng sTig5)03, reported* to form with B-
site ordering in space group P2,/n. These calculations show
that the unit volume does, in fact, decrease upon ordering.
The disordered form had a calculated unit volume of

25327 A3 compared to the ordered variant which had a
unit volume of 252.24 A°.

The same volume shrinkage observed on B-site ordering
might be assumed for the case of A-site ordering as well;
however, it seems that the volume actually increases for A-
site ordering (Tables 4-9). First-principles DFT calculations
for NagslLapsTiO5 in a tetragonal setting (/4/mcm) show
that the unit volume actually increases upon A-site layered
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TABLE 2 B-site ordered compounds using ideal B cation sizes

apc(exptl) (‘&) apc (A)

Composition Equation (1) Equation (6) Error (%)
Ba(Mg:,Taz,)O5" 4.0868 4.1467 1.47
La(Zn,,Ti,,)O5° 3.9503 3.9903 1.01
Ca(Mg,,W,,)05° 3.8707 3.9515 2.09
Sr(Mgy,W,,)O06" 3.9530 4.0298 1.94
Ba(Mg,,W,,)05° 4.0542 4.1339 1.97
Pb(Mg,,W,,)O3" 4.0085 4.0724 1.60

“Ref. [40].

Ref. [41].

‘Ref. [42].

dRef. [43)].

°Ref. [44].

'Ref. [45].
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TABLE 3 B-site ordered compounds accounting for the effect of B-site ordering

ape (A)

Composition rB Corr. (A) Equation (6) Error (%)
Bas;MgTa, 00" —0.028 35 4.0806 —0.15
La,ZnTiOg" —0.027 21 3.9536 0.08
Ca,MgWO4* —0.053 85 3.8750 0.11
Sr,MgWO —0.105 47 3.9395 —0.34
Ba,MgWO4° —0.042 39 4.0464 —0.19
Pb,MgWO," —0.071 26 3.9982 —0.26

“Ref. [40].

Ref. [41].

“Ref. [42].

dRef. [43)].

°Ref. [44].

fRef. [45].

TABLE 4 Density functional theory (500 eV) tetragonal
Nag sLag sTiO5 A-Site ordered nanodomain structures

Tetragonal a (A) b (A) c(A) V (A%
Columnar 5.4901 5.4901 7.8880 23775
Layered 5.4744 5.4744 7.9358 237.83
Rocksalt 5.4660 5.4660 7.8901 235.74
Disordered 5.5187 5.5187 7.7838 237.06

or columnar type ordering compared to the disordered
structure (Table 4); which is both counterintuitive and
opposite to the shrinkage observed upon B-site ordering.
The relative energy results suggested that the type of A-site
ordering in NLT would likely be layered, as expected.
These calculations included only a few unit cells and so
the results are consistent with the existence of ordered nan-
odomains found experimentally via electron diffraction and
do not necessarily imply the existence of long-range order.

The same DFT calculations for NagsLagsTiO3 in a
hexagonal setting show that the unit volume increases upon

@pe (A) a"pe (A)
Equation (2) Error (%) Equation (3) Error (%)
4.1257 0.95 4.1519 1.59
3.9966 1.17 3.9868 0.92
3.9628 2.38 3.9468 1.97
4.0129 1.52 4.0295 1.94
4.1152 1.51 4.1395 2.10
4.0469 0.96 4.0746 1.65
@pe (A) a"pe (A)
Equation (2) Error (%) Equation (3) Error (%)
4.0868 0.00 4.0868 0.00
3.9504 0.00 3.9503 0.00
3.8707 0.00 3.8707 0.00
3.9530 0.00 3.9530 0.00
4.0542 0.00 4.0542 0.00
4.0085 0.00 4.0085 0.00

TABLE 5 Density functional theory (500 eV) trigonal NagsLagsTiO5
A-Site ordered nanodomain structures

Hexagonal a (A) b (A) c(A) V (A%
Columnar 5.5356 5.5356 13.5601 359.82
Layered 5.5304 5.5304 13.5573 359.70
Rocksalt 55274 5.5274 13.5256 357.87
Disordered 5.5185 5.5185 13.5080 356.31

any type of A-site ordering (Table 5); however, once again
the layered type ordering is the most energetically favor-
able geometry. Table 6 shows the calculated errors corre-
sponding to the empirical model of Ubic et al.>° This
model shows a small but negative error in a'y for the x=0
composition which suggests that the calculated a'p. (Which
is a function of the A—O bond length, Equation 2), which
assumes cation disorder, is smaller than the ap. Expu). The
difference can be explained if the A-site-ordered form, sug-
gested to exist in nanodomains, has a larger unit volume
than does the disordered form. Errors generally increase as
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TABLE 6 Nag_3,Lag,)»TiO; calculated pseudocubic lattice constants a’pc and a"yc

Composition a (10\) b (1&) c (;&)
x=0.0° 5.4769 5.4769 7.7539
x=0.0533" 5.4798 5.4753 7.7432
x=0.1733" 5.4763 7.7624 5.4766
x=0.2233" 7.7234 7.7485 7.7803
x=0.3333¢ 3.8565 3.8565 24.645
“Ref. [10].
"Ref. [9].
“Ref. [19].

TABLE 7 Nag_3ynLag4.2TiO3 accounting for the cation effective sizes

Composition A corr. (A) % Ape
x=0.0" 0.0251 1.183 3.8969
x=0.0533" 0.0236 1.182 3.8873
x=0.1733" 0.0052 0.460 3.8908
x=0.2233" 0.0005 0.047 3.9015
x=0.3333°¢ 0.0000 0.000 3.9457
“Ref. [10].
PRef. [9].
‘Ref. [19].

TABLE 8 Density functional theory (500 eV) trigonal LigsLag sTiO3
A-Site ordered nanodomain structures

Hexagonal a (A) b (A) ¢ (A) vV (A%
Columnar 5.5221 5.5221 13.5280 357.33
Layered 5.5160 5.5160 13.5264 357.18
Rocksalt 5.5118 5.5118 13.5029 355.26
Disordered 5.5018 5.5018 13.5219 352.38

x increases (Table 6), suggesting that the degree of cation
ordering simultaneously decreases. Structural models for
0<x§1/39’19 show that the degree of cation ordering indeed
decreases with x whilst the degree of vacancy ordering
generally increases, and the x=1/3 end member (La,/;3TiO3)

ape @ e Error% ay Error%
3.8742 3.8670 —0.19 3.8663 —0.20
3.8727 3.8677 —0.13 3.8626 —0.26
3.8754 3.8860 0.28 3.8782 0.07
3.8753 3.9011 0.66 3.8950 0.51
3.9384 3.9467 0.21 3.9501 0.30
Error% a'pe Error% a"pe Error%
0.588 3.8706 —0.090 3.8776 0.090
0.377 3.8726 —0.001 3.8732 0.013
0.399 3.8754 0.001 3.8754 0.001
0.675 3.8881 0.330 3.8753 0.000
0.185 3.9449 0.165 3.9384 0.000

has a layered structure in which slabs of La,Ti;Og are sep-
arated and sheared by interlayers without cations'® (ie, full
vacancy ordering). The empirical model, which just pro-
duces a 0.21% error for La,;TiOs, is apparently sensitive
to cation ordering (which affects bond lengths) but not
vacancy ordering (which does not). It should be further
noted that at x=0, where the strongest evidence of an
ordering phenomenon exists, there can be no contribution
from vacancy ordering. Even though thermodynamics dic-
tates that a finite concentration of intrinsic vacancies exists
even at x=0, there can be no 1:1 long-range vacancy order-
ing at this or other low-x compositions where the presence
of vacancies is nonstoichiometric. Short-range ordering of
vacancies at low-x compositions seems unlikely, particu-
larly given the evidence from the Na(1,3x)/2La(1+x)/2TiO39

TABLE 9 Nag_synlag2(MgW.)0; and K 39nLa0 1.92(Mg,W,,)O; summary results

Comp. ra (A) A cory (A) s (A) B cory (A) a (A) @' Error) (%) a” (A) a" Error) (%)
NLMW?*
x=0 1.375 0.0058 0.660 —0.0268 3.9254 0.000 3.9254 0.000
x=0.1111 1.219 0.0133 0.660 —0.0266 3.9288 0.000 3.9288 0.000
x=0.2222 1.063 0.0041 0.660 —0.0417 3.9257 0.000 3.9257 0.000
KLMW?*
x=0 1.500 0.0735 0.660 —0.1048 3.9529 0.000 3.9529 0.00
x=0.1111 1.302 0.0552 0.660 —0.0821 3.9484 0.000 3.9484 0.000
x=0.2222 1.104 0.0257 0.660 —0.0698 3.940 0.000 3.940 0.000

“Ref. [46].



TOLMAN ET AL.

o = 0.04
09 ' i »
‘.El 08 ! free el
7 T 0.03
0.7 @ .
0. : —
0.6 0 0005 001 0015 002 0028 0.02 "3

T Camection (A)

0.5

A-Site Order Parameter

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
X

FIGURE 4 Nag_3y,la(4.,TiO3 ordering from reportedg site
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empirical model. Inset shows the order parameter as a function of rp
correction (A) and can be thought of as an empirical model for ordering
(O=disorder, 1=fully ordered) [Color figure can be viewed at
wileyonlinelibrary.com]
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and Lig_3ynLag1,0,TiO3 systems,49’60 which show that
the degree of vacancy ordering increases and cation order-
ing decreases as x increases. Increasing the effective ry
value has the effect of both increasing a',. and, because of
its effect on tolerance factor and hence ro, a”,.. Table 7
shows the results after increasing r, in order to simultane-
ously minimize the absolute relative errors in both @', and
a"ye in 0<x<0.055 compositions.

If increasing rn reduces the absolute error in a’pc, then
the initial underestimation in r, could indicate A-site cation
ordering (ie, such ordering manifests itself in this empirical
model as an increased effective A-site size). Furthermore,
the degree of this ordering can be calibrated from pub-
lished models (Figure 4) and the model used to interpolate/
extrapolate it for other compositions by comparing the
error in d',. to that in either a”,c or ap. In this case, the
smaller correction needed at x=0.053 than at x=0 is indica-
tive of the lower degree of order which one would anyway
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FIGURE 5 Nag_3ylaq.4.,TiO; selected area electron-diffraction patterns of x=0.0-0.225 with the associated pseudo-cubic indexing. Some of the o,

B, and vy superlattice reflections are represented for each pattern
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expect further from the 1:1 stoichiometry (even though that
order is only short-range at x=0).

Figure 5 shows selected-area electron-diffraction pat-
terns (SADPs) of Nag_3,»La(4,,,TiO3 indexed according
to the pseudocubic cell; whereas Figure 6 shows the same
SADPs calculated and indexed according to the actual
reported structures. TEM results showed two sets of super-
lattice reflections, (ie, superlattices from A-site ordering, f3,
and in-phase octahedral tilting, y) in the [100],.
for x>0.0533, but a single diffuse set at x=0 corresponding
only to short-range ordering. The B superlattice reflections

zone axis

observed in the x=0 composition are not only diffuse,
indicative of short-range order, but are also slightly curved
(inset), suggestive of the existence of ordered nanodomains
for which the Bragg condition is relaxed. Diffraction from

such nanodomains occurs at a wider angular range than
would otherwise be expected, in an analogous way to peak
broadening observed in XRD patterns and explained via
the Scherrer formula, but the spacing of crystalline planes
within the domains remains constant; thus diffraction arcs
are observed in SADPs. Two sets of superlattice reflections
also appeared in the [110],. zone patterns (Figure 5) due to
A-site ordering (B) and anti-phase octahedral tilting (o);
but while the latter are always discreet spots, the ordering
reflections are again diffuse for x=0 and only discrete for
x>0.0533. The symbols o, B, and y correspond to '2{odd,
odd, odd}, '2{even, even, odd}, and '2{odd, odd, even},
respectively.

Beta reflections have typically been ascribed to antipar-
allel cation displacements; however, the superlattice peaks
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FIGURE 6 Na;_3y,laq4.,TiO; selected area electron-diffraction patterns of x=0.0-0.225 with the appropriate space group indexing
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observed in Figure 2 correspond to those in the top left-
hand side pattern of Figure 3 (ie, ordering and not cation
displacement). Furthermore, ordering is the only explana-
tion for the observed 2(010) peak at 11.39° in Figure 3 or,
by extension, the {010} diffuse spots in Figure 5.
Antiparallel cation displacements can be discounted due to
the lack of a strong ’2(111) reflection, and parallel displace-
ment can similarly be ruled out due to the lack of a strong
%2(101) reflection (Figure 3). Diffuse scattering such as that
observed in Figure 5 is commonly attributed to short-range
ordering effects but can also arise due to spinodal decom-
position or premartensitic reactions,’’
expected in this system. Indeed, such diffuse scattering is
normally attributed to short-range ordering phenomena in

both pyrochlores** and NaCl-structured transition-metal
63

neither of which is

carbides/nitrides®® as well as other systems.

In Figure 5 it is noteworthy that the [111],. patterns for
x=0.1733 and x=0.225 both contain three sets of weak 7y
superlattice reflections, whereas the corresponding calcu-
lated patterns in Figure 6 contain just a single set each.
The extra two sets of reflections could be explained
by overlapping twin variants;** however, as care was taken
to avoid this potential complication and every <111>,
pattern observed in both compositions contained similar
reflections, it seems more likely that the models in Pmma’

Journalﬂ
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or Cmmm (reported for x=0.2233)° cannot fully explain
this structure.

A fast Fourier transform mask was applied to high-reso-
lution (HR-TEM) images in the [100],. zone axis (Fig-
ure 7) to show the difference between the fundamental
structure and the superstructure. Twinning is also apparent
in Figure 7 at x=0.

As an additional example, the well-studied ion-conduc-
tor (Lig sLag 5)TiO3 can be considered. Because its ideal A-
site size is so small, r,=1.3059 A this composition falls
the existing range of the empirical model
(1.34 ASrA§1.61 A); however, the negative errors for o’y
suggested cation ordering on the A site causing a volume

outside

expansion, or to be more precise, a stretching of the aver-
age A-O bond length (Figure 8). In this case the Lij_z,y
2L 402 Ti03 (LLT) x=0 composition has been reported
with long-range A-site order. Increasing the r, for x=0 by
just 0.072 A is sufficient to reduce the error in dpe to
0.00%. As is the case for NLT, the degree of cation order
in LLT decreases with increasing x even as the degree of
vacancy ordering increases (Figure 8). Table 8 verifies via
DFT calculations that that the unit volume of LigsLags.
TiOj3 increases upon layered A-site ordering.

As yet another example, the superconductor (Nag sLag s)
MgosWp5)O5 (NLMW) is an oxide perovskite that has

X Fundamental

Superlattice

Image

0.0

0.0533

0.225

N
Mt

0.2pm

0.2y
|

FIGURE 7 Nag_3yla.4.,TiO; selected transmission electron microscopy images using a reflections mask and inverse-fast Fourier transform to

show the difference between the fundamental and superlattice reflections
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FIGURE 8 Lig_3yp»lag1.,TiO; order parameter and 74 correction (A)
where both are functions of x. Ordering from reported site-occupancy
numbers.**%%6>7 Inset shows the order parameter as a function of 7,
correction (A) and can be thought of as an empirical model for ordering
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the same A-site species as NLT; however, NLMW has
been reported® with long-range cation ordering on both
the A and B sites. As reported previously, the model sug-
gests that the B site contracts upon ordering while the A
site expands. Initially, NLMW calculations show
d'pc=3.9762 A and a",=3.9727 A, resulting in errors of
1.294 84% and 1.204 27%, respectively. Using an iterative
process to determine the A- and B-site sizes which mini-
mize both errors, it was found that rg decreases by
0.026 793 A (to rg=0.633 21 A) while r, simultaneously
increases in size by 0.005 849 A (to r,=1.380 85 A). The
final error in both a’pC and a"p. is 0.0000%. For the compo-
sition (Nag 3333L20.5556)(Mg0.5Wo.5)03, the model predicts
an A-site size increase of about 0.013 36 A (to
ra=1.232 25 A)—a lower value indicative of the lower
degree of cation ordering expected further from the 1:1 sto-
ichiometry. In the case of (KgsLags)(MgysWos5)O3
(KLMW), which has the same B-site species as NLMW,
both the A-site and B-site cations are also ordered.®* The
model also shows that the B site contracts and the A site
grows upon ordering. Initially, KLMW calculations show
a',=4.0533 A and a'",=4.0822 A, resulting in errors of
2.538 74% and 3.271 63%, respectively. Again using an
iterative process to determine the correct A- and B-site
sizes, it was found that the B-site size decreases by
0.104 757 A (to 1=0.55524 A) and the A-site size
increases by 0.073 501 A (to ra=1.5735A), which results
in errors of 0.0000% for both @'y and a",.. In addition, the
model shows that for (Kq 3333120 5556)(Mg0.5W0.5)O5 the A-
site size increase is only 0.052 644 A—again less than that
at x=0, indicative of the lower degree of cation order as x
increases. These results are summarized in Table 9.

4 | CONCLUSIONS

Four samples in the Nag_synlag,,TiO5 system (x=0,
0.0533, 0.1733 and 0.225) were synthesized using a con-
ventional solid-state mixed-oxide method. The short-range
ordered structure of NagslLagsTiO; was observed via elec-
tron diffraction and predicted via an empirical model,
which also suggests a volume increase upon ordering. Even
though thermodynamics dictates that a finite concentration
of intrinsic vacancies exists even at x=0, there can be no
1:1 long-range vacancy ordering at this or other low-x
compositions where the presence of vacancies is nonstoi-
chiometric. First-principles calculations using DFT support
these conclusions. Nag_3ynlag4.2TiO5 perovskites have
an A-site ordered layered structure, and the degree of
cation order decreases as x increases. Similar A-site order-
ing and volume expansion has been observed in Lig_3yy
2L 402 Ti03 and in both (NagsLags)(MgosWos5)Os and
(Ko.sLag.s)(Mgo.sWo.5)03. The implication of this empirical
modeling method is that it may be possible to predict the
degree of cation ordering in complex perovskite systems.
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