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Substitution of calcium for strontium in LngrCaCwGasl; (Ln = La, Pr, Nd, Gd, Ho, Er, Tm, and Yb) materials

at ambient pressure and 976 results in complete substitution of calcium for strontium in the lanthanum and
praseodymium systems and partial substitution in the other lanthanide systems. The calcium saturation level depends
on the size of the Ln cation, and in all cases, a decrease in the lattice parameters with calcium concentration was
observed until a common, lower bound, averageafion size is reached. Site occupancies from X-ray and neutron
diffraction experiments for Lnar,CaCuwGal; (x = 0 andx = 2) confirm that the Acations distribute between

the two blocking-layer sites and the active-layer site based on size. A quantitative link between cation distribution
and relative site-specific cation enthalpy for calcium, strontium, and lanthanum within the gallate structure is
derived. The cation distribution in other similar materials can potentially be modeled.

Introduction CwGaG to expand, the effects of C& substitution for St

have not been investigated. Compared t& S€&* is smaller

and prefers A-sites in layered cuprates such as the 8-coordinate
site between cuprate planes, as in HgB&CyOgs® and Tb-
Ba,CaCuyOg.° However, the situation is not so simple. Mixing

of the A-cations can thwart superconductivity when it occurs
in sufficient degree. Attfield et al. have demonstrated fhat
varies inversely with the variance fcation size for constant
mean A-cation radius in ZLuO,; materialsl® In order to
understand cation disorder in the Gal212 phases, the A-cation
distributions in LaSrxCaCwGaG, for x = 0 andx = 2 have
been analyzed on the basis of neutron diffraction. The results
can be used to generate a predictive model for cation distribution
in the Gal212 structure type.

Almost all layered cuprates based on oxygen-deficient
perovskite structures (AB£s) contain multiple cations on the
A-sites. Copperoxygen planes, which can support supercon-
ductivity up to relatively high temperatures, are the common
structural motif in these layered materials. The coordination
preferences of the different A-cations stabilize two-dimensional
cuprate planes. The site between the planes is 8-coordinate
while those in the blocking layer are variable, often 9-coordinate
or higher!

The substitution chemistry of YB@uO7—s (YBCO) has been
intensely investigated. Strontium substitutes for barium in
YBaz—xSiCwsO7-s only partially up tox = 1 under ambient
pressure, but fully up t& = 2 under 7 GPa of pressuté The
solubility of calcium on the barium site is limited even more, Experimental Section
re.aChing Onl)i( =0.25 T ambignt _presiiur'é) decreases linearly Sample Preparation.Many compositions of Ln$r,CaCu,GaG;,
with both SP and C&" substitution? Ln = La, Pr, Nd, Gd, Ho, Er, Tm, Yb, and Lu, & x < 2, were

A novel family of layered cuprates was developed by prepared by solid-state reaction of the appropriate ratio of lanthanide
Vaughey et af.and Roth et af.by replacing the blocking-layer  oxide, yttrium oxide, strontium carbonate, calcium carbonate, copper
copper of YBCO with tetrahedrally coordinated &aAll the oxide, and gallium oxide. More specifically, for lza La, samples with
strontium analogues, LngwGal; (Ln = La—Nd, Sm-Yb, x = 0.20, 0.40, 0.75, 1.00, 1.25, 1.50, and 2.00 were prepared. For
and Y), can be synthesized at ambient pressure. While theeach of the Ln cations smaller than lanthanum, usually three or more

substitution of St by B&t causes the framework of Lasr ~ Samples were prepared using a consecutive step size of 8.bear
the expected saturation point. The reagents were ground in acetone,

*To whom correspondence should be addressed. E-mail: krp@nwu.edu, Pressed into pellets, and fired at 9%5in an alumina boat for 10 days
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X-ray Diffraction. A Rigaku diffractometer with nickel-filtered Cu
Ko radiation was used to collect X-ray diffraction data on the

polycrystalline samples. These data were used to determine the lattice
parameters and ascertain the extent of calcium substitution for strontium

in LnSr,_,CaClwGas (Ln = La, Pr, Nd, Gd, Ho, Er, Tm, and Yb).

Lattice parameters were calculated by a least-squares technique using

the programs XRAYFIT and POLS® or refined Rietveld analysis.
X-ray data for LaCgCw,GaO,, which were refined by the Rietveld
method, were obtained by counting 10 s every 00@m 15° to 9C¢°

26. Silicon was used as an internal standard. Forty-one parameters were

refined including scale factor, zero-point shift, eight background

parameters, six peak shape parameters, unit cell, atomic coordinates,

and site occupancies. The mean atomic scattering factors étisin

0 used for La, Ca, Cu, Gd, and O were 57.00, 20.0, 29.00, 31.00, and

8.00, respectively.

Neutron Diffraction. The intense pulsed neutron source (IPNS) at
Argonne National Laboratory was used to collect time-of-flight data
on 10 g of a polycrystalline sample of Lafar,GaGO,. Data were
obtained fo 6 h atroom temperature and ambient pressure. The data
set fromd = 0.5 to 4.0 A was analyzed by Rietveld methéfi§ifty

parameters were refined, including scale factor, diffractometer constant,
zero-point error, five background parameters, six peak shape parameters,

unit cell, atomic positions, site occupancies, isotropic thermal factors,

and absorption and extinction parameters. The coherent scattering

lengths used for La, Ca, Cu, Ga, and O were 8.27, 4.90, 7.72, 7.29
and 5.81 fm, respectively.

Thermogravimetric Analysis. A DuPont Instruments 891 thermo-
gravimetric analyzer was used to measure the oxygen content ofLaCa
Cw,GalO. Powdered samples were heated at 680in a flowing
mixture of 8.5% hydrogen and 91.5% helium gas until all of the copper
species present in the sample had been reduced to copper metal.

Results

The X-ray diffraction data sets for LnSxCaCuw,Gal; (Ln
= lanthanide, Y) could all be indexed on a body-centex/é}:hp
X +/2a, X 6a, (ay is the lattice parameter of a simple cubic
perovskite, i.e.,~4 A) orthorhombic unit cell, similar to the
parent compound LagZw,GaG, (see Figure 1§.Each diffrac-

tion pattern showed the presence of impurity phases on the order

of a few percent. The calcium saturation point was therefore
defined as the highest calcium concentration at which the

fraction of impurity phases did not exceed a few percent. Based

on this criterion, calcium substituted for strontium in Lag€Ca-
CwGal and PrSs«Caluw,Gal; over the entire range and

resulted in a linear contraction of each lattice parameter as a

function of increasingx (see Figure 2). For the rest of the
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'Figure 1. Structure of LaCZCuw,GaG;, which is isomorphic with LaS¥

CwGaO.
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Figure 2. Orthorhombic lattice parameters for LaSCaCwGaGl; as
a function ofx.

lanthanides, calcium substitutes progressively less with decreas-

ing lanthanide size through YbSkCaCuw,GaG, in which it
saturates ax = 0.60 (see Figure 3). LugrCaCuGaG; did
not form under the experimental conditions employed for any
value ofx, consistent with prior attempts to synthesize LuSr
CwGaQ, at ambient pressufelLattice parameters at the limit
of calcium solubility for LnSs—_,CaCwGaG;, Ln = La, Pr, Nd,
Gd, Ho, Er, Tm, and Yb, are given in Table 1.

The structure of LaG&€wGal; was refined from both X-ray

and neutron diffraction data, and the observed and calculated

patterns for each are given in the Supporting Information. The
structural parameters of La8iwnGal; (Ima2; a = 22.8014(5)
A, b=5.4819(1) Ac = 5.3936(1) A} were used as a starting
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Figure 3. Calcium saturation points in LngkCaCwGal, materials
versus the 9-coordinate ionic radii of the ¥rcations.

model for the analysis of the X-ray data. The structure refined
from the X-ray data was then used as a starting model for the
analysis of the neutron data. The reflections for both sets of
data exhibit conditions consistent with the non-centrosymmetric
space groupma2 (No. 46) and the centrosymmetric space group
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Table 1. Orthorhombic Unit Cell Parameters and Average 9-Coordinate A-Cation Size fopLE8SICu,GaG (Ln = La, Pr, Nd, Gd, Ho, Er,
Tm, and Yb) at the Calcium Saturation Levels

x at the Ca av A-cation
Ln satn level a(A) b (R) c(A) cell vol (A3) size ()
La 2.0 22.359(1) 5.4795(2) 5.3902(2) 660.39(5) 1.19
Pr 2.0 22.396(1) 5.4709(3) 5.3691(3) 657.86(6) 1.18
Nd 1.9 22.161(1) 5.4855(1) 5.3752(1) 653.44(2) 1.18
Gd 15 22.118(2) 5.4906(5) 5.3794(4) 653.29(9) 1.18
Ho 1.0 22.323(1) 5.4751(3) 5.3691(3) 656.21(6) 1.19
Er 0.9 22.158(2) 5.4798(5) 5.3741(5) 652.53(10) 1.19
m 0.8 22.377(2) 5.4649(3) 5.3661(3) 656.21(8) 1.19
Yb 0.7 22.401(2) 5.4599(4) 5.3655(4) 656.24(9) 1.19

aThe lattice parameters of all the samples decrease with calcium substitution of the pure strontium analogues similar to the lanthanum case
(Figure 2). While subtle trends in the individual parameters with changing lanthanide hint at structure-distribution interactions, all tie unit ce
volumes converge to within 1% of a constant value at the solubility limit.

Table 2. Refined Structural Parameters of LaCa&GaG; in Ima2 (No. 46}

atom site X y z 100U (A2) occupancy
Al 4a 0 0 0 0.125(4) La/0.875(4) Ca
0 0 0 0.54(16) 0.208(14) La/0.792(14) Ca
A2 8c 0.148(1) 0.984(1) 0.999(5) 0.438(2) La/0.562(2) Ca
0.1490(1) 0.9835(7) 0.9828(21) 0.12(10) 0.396(7) La/0.604(7) Ca
Cu 8c 0.074(1) 0.498(1) 0.997(4) 1
0.0736(1) 0.4993(5) 0.9960(22) 0.13(7) 1
Ga 4ab 0.25 0.434(1) 0.029(5) 1
0.25 0.4333(8) 0.0242(25) 1.05(16) 1
o1 8c 0.076(1) 0.263(8) 0.255(18) 1
0.0760(1) 0.2508(14) 0.2452(23) 0.16(9) 1
02 8c 0.069(1) 0.753(9) 0.748(21) 1
0.0673(1) 0.7479(15) 0.7485(25) 0.12(11) 1
03 8c 0.181(1) 0.558(3) 0.962(7) 1
0.1770(2) 0.5600(6) 0.9585(23) 0.96(13) 1
04 4ab 0.25 0.379(5) 0.403(7) 1
0.25 0.3860(11) 0.3891(23) 1.40(15) 1

aThe first line of data for each atom is from the X-ray refinement<(22.359(1) Ab = 5.480(1) A, anct = 5.390(1) A), and the second is
from the neutrond = 22.366(1) Ab = 5.482(1) A, anct = 5.391(1) A). For refinement of X-ray datd, = 3.47, andR,, = 4.57. For refinement
of neutron data:R, = 5.26,R,, = 7.39,R(F?) = 5.89, andy? = 9.415 whereR, = 100@E|Yobs — Yeaic |/=Yobs ); and Ryp = 100V/(EW(Yops —
YealdEWYopd) With W = 1/Yops R(F2) = 100E|Ikobs — lkeaid/Zlkobd. P For refinement of X-ray datafoveran = 0.24(5) A

Imam (No. 74). In the latter, two oxygen sites are disordered parameters were allowed to refine undamped and theRest
and half-occupied because the two possible orientations of thefactor was 5.26 R, = 7.39, R(F?) = 5.89, andy? = 9.415).
gallate tetrahedra are averaged together. Krekels et al. discusThe weight percentages of the three phases refined to
how the subtle distinctions have been experimentally differenti- 93(3)% LaCaCu,GaG;, 4(1)% La 94/Ca 06CU00s 03 and 3(1)%
ated® The A-cation sites are the same in either case. Since theLaCaGaO-. The A-cation distribution for lanthanum was 21%
non-centrosymmetric space group was used for the refinementbetween the coppefoxygen planes: (LgiCa.79(Lag7e
of LaSrCwGag;, it was also used for LaGB&uw,GaGl,. Ca 2)CwGag,. Although the X-ray and neutron refinements
Refinement of the X-ray data accounted for two phases: were conducted on independent samples, the atomic parameters
LaCaCw,Gal; and the internal standard silicon. A small are comparable within experimental error. Table 2 lists the
amount of LaCaG#; (<5%) was detected, but not included results of the refinements of both sets of data including positional
in the refinement. Three phases were refined for the neutron parameters, thermal factors, and site occupancies. Selected bond
diffraction data: LaC#&wGal, Lap—xCa+xClpOg+s,1% and lengths and angles are provided in the Supporting Information.
LaCaGa0y. Only the powder diffraction pattern of LaCases Preliminary electron microscopy work reveals the presence of
has been reported in the literatdfeso the structure of  superstructure reflections, indicating that the structure of kaCa
LaCaGa Al 07 was used to model # Both LaCaCu,Gal, CwGa0 is more detailed than reported here.
refinements allowed lanthanum and calcium to occupy either )
of the two different A-cation sites while the ratio of lanthanum Discussion
to calcium was confined to 1:2. The oxygen sites were fully  The linear relationship between the size of the lanthanide
occupied in the refinement in accordance with the TGA result cation and the calcium solubility limit in Lngr,CaCwGal,
in which the oxygen content was 7.@2 0.04 based on four  (Ln = Pr—Yb) materials suggests that the structure requires a
individual measurements. In the final neutron refinement cycle, minimum average A-cation size of around 1.19 A (see Table
. - 1). Both the lattice parameters and cell volumes of the calcium-
1s5) ﬁre\‘;\‘fr'%ht AM"Jat é)r-ej ;@”S,Tg‘_dgg’l% gg@m&'gﬁgggiggbgﬂ -G. saturated materials also remain relatively constant regardless
(16) Santoro, A.; Beech, F.: Cava, RMater. Res. Soc. Symp. Prd@9q of the fact that the specific cations in this study range in size
166, 187. from Yb3* (1.075 A) to St (1.31 A). (All cationic radii
(17) JCPDS Powder Diffraction File McClune, W. F.; Ed.; JCPDS  mentjoned in this paper refer to 9-coordinate ionic radiin

Ilnégznagggaggiqtﬁfor Diffraction Data: Newton Square, PA, 1987 general, the smaller cations prefer the 8-coordinate site in the

(18) Antipov, E. V.; Luzikova, A. V.Z. Anorg. Allg. Chem1993 619,
889.

(19) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
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active layer to the 9-coordinate site in the blocking layer, but TAS,;.cn = AHgyitch — AGawitch = AHgwiteh T
some mixing occurs owing to entropy. Even if we assume that RTIn K
there is no St" in the active layer, the result is that, for every

calcium cation in the active layer, a lanthanide cation is relegated gayera] graphs oAGgyseer(d), AHsyster(d), and —TASyysten(d)
to the blocking Iaye_r. It is not surprising then that calcium is o, specific systems are given in the Supporting Information.
completely soluble in the % (1.216 A) and FY" (1.18 A), The enthalpy for the specific switching reaction between
systems because these are the two lanthanide cations which argycium and lanthanum in (lbaiCab.7¢)(Lao7<Car 21)CGaly

not smaller than C# (1.18 A) and readily occupy blocking-  can now be calculated from the experimentally observed
layer sites. As the size of the lanthanide cation decreases, theyistribution:

average A-cation size of the strontium analogue decreases

0

switch —

(LnSrCwGal;), and consequently, the amount of calcium XE gt 4 VI g3+ — VIl o2t 4 X g3F (5)
required to bring the average-éation size down to the lower
limit is less. The tendency for the lanthanide to occupy the AHg,iier(d = 0.79)= —9 kJ/mol

9-coordinate blocking-layer site over the 8-coordinate active

layer one also decreases with size. This confines the calciumcClearly C&* prefers the 8-coordinate pseudo-square-prismatic

to the blocking layer and negates a portion of the entropic site between copper planes while3tgrefers the 9-coordinate

stability. site. The switching reaction is exothermic, and so mixing takes
While the formation of the structure depends significantly place beyond the statistical value.

on the overall average A-cation size, the A-cation distribution  An analogous calculation can be done for (k3 23)(Lao =

depends largely on the specific cations involved. The experi- Sr; )Cw,GaG; in which the distributional parameted, was

mental cation distribution for LaG@&w,GaG; and LaSsCu,- measured via neutron diffraction to be 030his is much lower

GaG; from neutron data refinement allow us to quantify the than the statistical limit, and the switching reaction between

site-specific energetics involved with cation substitution. In the strontium and lanthanum,

former, the 8-coordinate site between the cuprate planes is 79%

Ca&* according to the neutron refinement, i.e., {LgCay)- Xg@t L VIl g3+ Villgd | IX) 3+ (6)
(LagCa—q)Cw,Gal; with a distributional parameted, = 0.79.
This differs from the purely statistical distribution df= 0.67 AHgir(d = 0.30)= 27 kJ/mol

revealing that there is a nonzero enthalpy term for the exchange
of calcium and lanthanum between the active layer and the is endothermic. In this case the situation is reversed & La
blocking layer. A mathematical relationship betwekand the (1.216 A) preferentially occupies the site between copper planes
exchange enthalpy can be derived because the entropy changwhile SP* (1.31 A) preferentially occupies the blocking-layer
of switching the cations between the two sites must balance site.
the enthalpy change for a system at equilibrium at the synthesis The enthalpies for these exchange reactions are calculated
temperature, i.e., 1248 K. The chemical reaction for switching on the basis of two observed distributions. However, they can
lanthanide and alkaline earth cations between the 8-coordinatebe applied to other related systems when the distribution is not
active-layer site and the 9-coordinate blocking-layer site is ~ known because the reactions are symmetric with respect to both
cations and cation sites. The structures of L&lleGaGO; and
XAEZT 4 VIl p3F - VINAE2T 4 X 33F Q) LaSrCuw,GaG; are isomorphic, but differ in the volume of the

. o . unit cell. Indeed, both A-cation sites in the latter are larger, so
This switching reaction rela.t.es.a completely ordered state of i,q effect on the switching energy is offsetting. In the case of
the systemd = 0) to the equilibrium state\Gsysemmust be at | 35,cy,Gao, if the size of the unit cell changes, the switching
a minimum as a function ofl, which is also the switching  gnthaipy between 1% and S#+ would still be about 27 kJ/
reaction coordinate. Statlstlpal thermodynamics for mixing 01 because the absolute enthalpy of all four species of eq 6,
allows us to calculatASyyseemdirectly. The sum of four entropy XS+ VIl g3+ VIl S+ andXLa3*, would increase comparably,

terms, one for each cation type on each site ofi(AEq)- preserving the overall reaction energy. This is true as long as
(LneAE2-q)C,Ga0;, gives the total entropy of the system ihe different A-cation sites are not differentiated. Switching

relative to a completely ordered state as a functiod:of enthalpies would not be transferable to different structures such
— as YBCO. In general, the energy of switching the position of
ASyysen(d) = ~RI(L — d)in(1 = d) +d In(d) + two cations inga structure doesg)r/wt depend ?)n thepvolume of
d In(d/2) + (2 — d)In((2 — d)/2)] (2) the unit cell, but rather on the type of structure.

If the enthalpy required to switch two cations between two
sites is independent of the unit cell volume size, then the
switching reactions 5 and 6 for the gallate structure can be

AHgerfd) = dAH e, ) combined to estimate the switc_hing enthalpy between calcium
and strontium between the active and blocking layers:
If AHswirch is constant, then its magnitude can be calculated by
minimizing AGsysten(d). Xt + Vg™ — Vst + Xce” (7)

0 0 AHq = 36 kd/mol
S5d AGSysterr(d) = %[dAstitch - TASsysten(d)] =0 switch

The enthalpy of the system, relative to the= O state, is simply
the total enthalpy of switching the cations between sites:

The relationship between cation distribution and switching
AHgyitcn = —RTIn[d2/(1 —d)(2—d)] = —RTIn Kgen (4) enthalpies can be used to model cation distribution. The entropy
of distributional states can be calculated directly so only the
Notice thatAHswich = O for d = 0.67 as required. It is now  enthalpy is required. The independence of the switching enthalpy
clear that the inherent entropy of a switching reaction is zero: from the lattice parameters allows us to apply the above enthalpy
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X HoSk_«CalwGal, and Ha-CaSrCwGal, both as a

terms to any hypothetical stoichiometry involving lanthanum, function ofx. Notice that the percentage of strontium between
calcium, and strontium on the A-sites of the gallate structure, the planes decreases from 7% to 1% in the first case as it is
(La/Ca/SnCw,Ga0,. In general, enthalpies can be calculated displaced by calcium, and increases in the second case from
easily from distributional parameters as described above.7% to 21% as calcium facilitates disorder between the sites.
However, the reverse calculation is more difficult, especially These models suggest that a stoichiometry such asCGts
for systems involving three or more cations. Unknown site SrCwO7 should limit the presence of strontium between the
distributions can be calculated from known enthalpy values planes to around 1%, i.e., (llg€C&.41Sr.01)(HO0 12 e 89
indirectly though since only one distribution will lead to the Sl.09Cl,Gas,.
correct switching enthalpies for the system. Figure 4a shows Cation size governs the ambient pressure A-cation substitu-
the anticipated distribution for the A-site between the copper tions in the gallate perovskite structure. Indeed, the architecture
planes in LaSr«CaCuwGaG as a function ofx. This is the of each family of layered cuprates creates various A-cation sites,
distribution model for the solid solution between L&nGaG, and only certain combinations of cations stabilize a structure at
and LaCaCw,Ga(O. Note that the calcium displaces the ambient pressure. The ability of a particular combination to
strontium between the planes in a nonlinear fashion. This is stabilize a structure is largely a function of average cation size.
not unexpected since €ais smaller than both L% and S#*. For example, the average allowable A-cation size in the gallate
A second model mimics a doping situation where calcium of 1.19 A is smaller than that for Y(Ca/Sr/B&uO; systems,
replaces lanthanum, LaCaSrCw,Gal,. Figure 4b shows the  which is closer to 1.30 &2 The difference is likely structural
distribution for this hypothetical case. The strontium occupation in nature, originating in the blocking layer owing to the different
of the 8-coordinate site decreases slightly because Gaes coordination requirements of &aand C@+3*.
not mix with SF* as well as L&". The model is a physical- Within a particular structure type, the distributions of the
structural one and does not take the introduction of charge a_cations are largely a function of individual cation size. The
carriers into account in any way. Experiments must be conductedqser two cations are in size, the more they will mix. In the
to determine whether or not such phases form. If they do, then gallate system, the size difference-66.036 A between CG&
this model projects three-cation (La/Ca/Sr) distributions based 5,4 | 8+ results in a switching energy 6f9 kd/mol. The 0.094
on the experimental two-cation distributions (La/Ca and La/ & size difference between Brand L&+ results in a switching
Sr). The result can facilitate structural refinements as well by energy of 27 kJ/mol. Extensive A-cation mixing does not occur
differentiating between cation distributions. in YBCO owing to the size difference betweenXBand Y+

To extend the method to the other rare earth gallates (Ln/ ut o 395 A Substituting the barium with strontium or calcium
Ca/SnCGas, the enthalpy of one additional switching t,ilitates cation mixing since the intermediate size cation
reaction involving another lanthanide is needed. In contrast to exchanges more readily with both yttrium and barium. As long
lanthanum, holmium is considerably smaller than both calcium ;¢ ihe structures are the same type, regardless of size, a common
and s.,tr'ontium. No cation distribution qata fOF any gallate set of switching energies can be’ used to model the cation
containing C&" and HG™ could be found in the literature, S0 gisyinution. However, different structure types selectively
we will approximate the switching enthalpsHsuiccn for change the coordination environments and therefore require a
set of switching energies specific for that structure type.

Cation order is an important factor in regard to many different
at 25 kJ/mol based on a linear extrapolation of cation size. The properties in solid materials. The distribution of A-cation size
estimated value is used to demonstrate how hypothetical for a specific site, a key factor for superconducting matetfals,
A-cation distributions of (Ho/Ca/S4Cu,GaO; compare to the increases with mixing. LaB&usO; superconducts when syn-
lanthanum case. Figure 5 shows the anticipated occupancies fothesized in such a way as to mitigate site mixing between

IXCa2+ + Vi H03+ _, v Ca2+ + IXHO3+ (8)
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lanthanum and bariu?.While mixing can never be eliminated
completely, sufficiently large energetic barriers exist. If all cation
mixing is detrimental to superconductivity, then strongly dif-
ferentiated cations are optimal. However, there is evidence to

Inorganic Chemistry, Vol. 39, No. 15, 2003391

centeredy/ 2a, X +/2a, X 6a, orthorhombic unit cell with lattice
parameters that decreased with increasing calcium concentration.
The A-cation site occupancies of two systems were refined to
guantify the tendencies of cation pairs to switch positions within

suggest that calcium between the copper planes may even behe gallate architecture. While average cation size dictates the

beneficial for the energetics of the superconducting 3takaen
compounds such as biCa sSrCypGaGC; for smaller lanthanides
should prove to be good candidates for superconductivity

formation of a particular structure, relative cation size is the
dominant factor that determines the extent of disorder within
that structure and the related properties. In general, experimen-

because the strontium occupancy between the planes is less thatally measured distributions from two-cation systems can be used

a few percent.

We have demonstrated and modeled here how cations of

various sizes contribute to site disorder. Size is the primary
factor controlling the mixing of cations. The number of solid-
state materials that involve multiple cations is increasing rapidly
as more complex systems are explored. The degree of order o
the cations is a critical factor for many properties, and
controlling the distribution of the cations is paramount to
developing useful materials. Some order can be promoted by
slow-cooling, but only a limited amount since cation rearrange-
ment occurs above approximately 90C. Material design
considerations should include relative cation sizes and site-
specific energetics to control cation order and optimize proper-
ties.

Summary

Calcium completely substitutes for strontium in LgSu,-
GaG and PrSgiCuwGagl, to form the new materials La@@uy-
GaO and PrCaCw,Gal,. A minimum threshold for average
A-cation size in the gallate structure limits the calcium solubility
in the phases formed with the smaller lanthanides (LnCa
Sr_CwGaO,). Each of these materials was indexed on a body-

(20) Segre, C. U.; Dabrowski, B.; Hinks, D. G.; Zhang, K.; Jorgensen, J.
D.; Beno, M. A.; Schuller, I. KNature 1987, 329, 227—-229.
(21) Leggett, A. JProc. Natl. Acad. Sci. U.S.A999 15, 8365.

to predict the distributions of more complex cation systems.
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