JOURNAL OF SOLID STATE CHEMISTRY 98, 90-98 (1992)

Dielectric Constants and Crystal Structures of CaYAIO,, CaNdAIO,,
and SrLaAlO,, and Deviations from the Oxide Additivity Rule

R. D. SHANNON, R. A. OSWALD, anD J. B. PARISE*

Central Research and Development,t E. 1. du Pont de Nemours & Co.,
Experimental Station, Wilmington, Delaware 19880-0356

B. H. T. CHAI

Department of Physics and Mechanical Engineering, Center for Research on
Electrooptics and Lasers, University of Central Florida, 12424 Research
Parkway, Suite 400, Orlando, Florida 32826

P. BYSZEWSKI anD A. PAJACZKOWSKA

Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46,
PIl-02688 Warszawa, Poland

AND R. SOBOLEWSKIi

Department of Electrical Engineering and Laboratory for Laser Energetics,
University of Rochester, Rochester New York 14627

Received September 16, 1991

The structures of CaYAlQ,, CaNdAIQ,, and SrLaAlO, have been refined using single-crystal X-ray
diffraction data. These compounds possess the full symmetry of the K,NiF, structure type, 14/mmm,
with lattice parameters a = 3.6451(1) and ¢ = 11.8743(6) A for CaYAIO,, a = 3.6847(3) and ¢ =
12.124(2) A for CaNdAlO,, and a = 3.7564(1) and ¢ = 12.6357(5) A for SrLaAlO,. Inspection of the
interatomic distances reveals stretching of the Al-O bond, from an average of 1.878 to 1.901 to
1.935 A, as smaller cations (CaY) are replaced by larger cations (CaNd) and (SrLa) in the MM’ sites
between the two dimensional aluminate sheets. The dielectric constants (x') and dielectric loss values
of CaYAlQ,, CaNdAlO,, and SrLaAlO, were measured at | MHz using a two-terminal method with
empirically determined edge corrections. The results are

CaYAIO, k. = 21.44 = .02 tan 8, = 0.0008
= 16.12 + .04 tan 8, = 0.0008
CaNdAIO, K. = 19.65 = .1 tan 8, = 0.0002
K. = 17.65 * .1 tan 8, = 0.0004
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The deviations of measured dielectric polarizabilities, as determined from the Clausius—Mosotti equa-
tion and those calculated from the sum of oxide polarizabilities according to ap(MM’'AlO,) = ap(MO)
+ 0.5 ap(M;0,) + 0.5 ap(AL,Oy), are +1.7% for CaYAIO,, —2.0% for CaNdAlO,, and —5.9% for
SrLaAlOy. The deviations from additivity are believed to result from K,NiF, structural constraints
leading to ‘‘rattling”” M and M’ ions in CaYAIlO, and ‘“‘compressed’’ M and M’ ions in CaNdAIO, and

SrLaA104 . © 1992 Academic Press, Inc.

Introduction

The concept of additivity of molecular po-
larizabilities, whereby the molecular polar-
izability of a complex substance can be bro-
ken up into the molecular polarizabilities of
simpler substances according to

ap(M,M'X,)) = 2 ap(MX) + ap(M'X,),

has been discussed (I-7). We recently eval-
uated the validity of the oxide additivity rule
in several Y and rare earth aluminate gar-
nets, the minerals chrysoberyl, spinel,
phenacite, forsterite, and danburite, zircon,
olivine-type silicates, and a group of ber-
yllates, borates, and phosphates and found
agreement between calculated and observed
polarizabilities of 0.5-1.5% (8-14). How-
ever, crystallographically constrained
structures such as the silicate garnets of the
type X;AL,Si;0;, lead to large deviations
from additivity when the X-O bond dis-
tances are unusually large (X = Mg) or un-
usually small (X = Ca) (I15). It is of interest
to see whether other compounds with con-
strained structures exhibit the same behav-
ior. Compounds such as MM’'AlO, with
K,NiF, structure fall in this category. These
compounds are also of interest because of
their application as substrates for high-T.
thin films (/6, /7). The purpose of this paper
is to determine the crystal structures and
dielectric constants of CaYAIQ,, CaNd
AlO,, and SrLaAlQ,, and to evaluate the
validity of the oxide additivity rule in these
MM’ AlO, compounds.

Experimental

Single crystals of CaYAIO, were grown
using the Czochralski technique similar to
that of Appen et al. (18, 19). A charge with
the stoichiometry Ca:Y: Al = 1:1:1 using
99.999% purity oxides was loaded into an Ir
crucible and heated inductively in a pure N,
atmosphere. The seed crystal was produced
by spontaneous nucleation on an Ir wire. An
[001]-oriented seed was used to produce a
crystal of 25 mm diameter using a pull rate
of 2 mm/hr. The crystal had a brownish-
yellow color similar to that reported earlier
(18, 19). The color may result from a slight
Ca:Y nonstoichiometry. Although Appen
et al. (18) reported that the color could be
bleached out by annealing at 1200°C for 5
hr at low oxygen pressures (<! Pa), this
technique was not successfui in reducing the
coloration of our crystals. These crystals
show a pronounced cleavage parallel to
(001) which causes difficulties in crystal
growth and wafer fabrication of LaSrAlQ,.
This cleavage problem is much less serious
for CaYAIQ,, allowing easy growth of [001]-
oriented seeds and 0.5-mm-thick wafers to
be prepared without difficulty. Domain
structures which were occasionally seen ap-
peared to be related to pull and rotation
rates. CaYAlO, appears to be easier to grow
than SrLaAlQ, but its smaller g-axis seems
to be detrimental to film performance.

Crystals of both CaNdAlO, and SrLaAlO,
were grown by the Czochralski technique.
The compounds were prepared from 4N pu-



92 SHANNON ET AL.

rity Nd,0,, Al,0,, CaCO,, and La,0,. The
mixed powders were melted in an induc-
tively heated 36-mm-diameter Ir crucible in
N, with 1% O, and homogenized for 2-3 hr
before the seed was immersed. Both Ca
NdJAIQ, and SrLaAlO, melted congruently
at about 1820 and 1650°C, respectively. In
the early runs (16, 20), the crystals were
grown from stoichiometric melts with a flat
crystal-melt growth interface. However, the
resulting crystals were sometimes cracked.
Our later studies (2/) showed that both Ca
NdAIO, and SrLaAlO, had a tendency for
strongly anisotropic growth with preferen-
tial (101) growth planes. The crystals used
in this study were grown according to the
procedure in Ref. (27). The crystal rotation
speed and melt temperature gradient were
adjusted in such a way that the convex sur-
face formed by the (101) planes could be
maintained throughout the entire growth.
We used nonstoichiometric melts with up to
7 mole% excess CaO and 2 mole% SrO for
CaNdAIO, and SrLaAlO,, respectively.
The excess CaO and SrO stabilized the
melts and resulted in crystals free of inclu-
sion and cracks.

Electron microprobe analyses were made
using a JEOL 733 electron microprobe. Data
reduction methods are described by Arm-
strong (22, 23), who states that the mean
relative errors of the analyses are generally
1% or lower for silicates but somewhat
higher for samples with average atomic
numbers higher than those found in silicates
due to uncertainties in the absorption and
fluoresence correction factors used for the
less common elements. Analyses of nomi-
nally CaNdAlO, and SrLaAlO, gave
Cay ggNdg o57Al 2204 and St grelag gy
Al 1200,. A recognized interference be-
tween the rare earth elements and Al makes
the Al values about 4% higher than what is
believed to be the true value. Because the
exact magnitude of the correction is cur-
rently unknown, the results are presented
as determined without correction for this

effect. For the purposes of this investigation
we assume the compounds to have stoichio-
metric MM'AlO, compositions.

Single-crystal X-ray diffraction data were
collected on an Enraf~-Nonius CAD-4 dif-
fractometer using the experimental parame-
ters given in Table I. Crystals were cut with
faces parallel to the {100} forms in order to
facilitate the analytical absorption correc-
tions performed for each data set. The cell
parameters (Table I) were determined from
25 reflections with 12° < 26 < 46°. The
X-ray diffraction patterns of CaYAlO, and
SrLaAlO, were obtained on a Guinier-type
focusing camera using CuKe, radiation and
Si SRM 640 internal standard. Data were
corrected for Lorentz and polarization ef-
fects. Samples were subjected to a second
harmonic generation test, which proved
negative, suggesting the space group was
indeed centric. We were unable to verify
the Byszewski et al. (24) I4mm space group
which was based on observed powder X-ray
diffraction intensities and implies ordering
of MM' cations. Structure refinement for
each sample was initiated using the starting
parameters for the K,NiF, structure using a
set of programs developed by J. C. Cala-
brese (25). The final refinement employed
an anisotropic model for the thermal motion
of all atoms; the discrepancy indices re-
ported in Table I were obtained. The refined
atomic parameters and selected bond
lengths are givenin Tables ITand III, respec-
tively.

Rectangular-shaped samples having areas
ranging from 0.18 to 0.56 cm* and thick-
nesses from 0.05 to 0.14 cm, prepared ac-
cording to the technique described earlier
(28), were used to measure the dielectric
constant. Dielectric constant measurements
were performed over the frequency range
30 KHz-3 MHz with a parallel plate capaci-
tance technique using Hewlett—Packard
4274 A and 4275A LCR bridges and fixture
16034B (Test Tweezers) (29). Details of the
experimental procedure were published pre-
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TABLE 1

SUMMARY OF X-RAY DIFFRACTION DATA FOR MM'AIO,

CaYAIO, CaNdAIOQ, SrLaAlO,
Space group I4/mmm
a (A) 3.6451(1)° 3.6847(3) 3.7564(1)°
c (A) 11.8743(6) 12.124(2) 12.6357(5)
Temperature (°C) 20
Volume (10\3) 157.77 164.61 178.30
VA 2
Formula weight 219.97 275.30 317.51
Calculated density (g/cm?) 4.640 5.553 5.926
u (Mo) (cm™h) 203.44 174.76 265.50
Diffractometer Enraf-Nonius CAD4
Radiation MoKa
Data collected 1404 4056 2396
Minimum and maximum 28 (°) 7-70 4-80 4-70
Maximum |4|, |K|, |/| 5,5, 18 6, 6, 21 6, 6, 20
Data octants T e T
Scan method /20
Absorption method Analytical
Transmission factors (range) 0.04-0.12 0.03-0.16 0.04-0.11
No. of unique data (I > 3o(I)) 109 181 139
Refinement method Full-matrix least-squares on F
Anomalous dispersion Caand Y Ca and Nd Sr and La
Weighting scheme «<[aXI) + 0.0 ofe¥(l) + 0.0 <[aeXI) + 0.0
00912]v1/2 00812]—”2 00812]—1/2
Atoms refined All anisotropic
Parameters varied 13
Parameter/data ratio 8.38 13.92 10.69
R 0.0365 0.0250 0.0187
R, 0.0362 0.0374 0.0214
Error of fit 1.67 2.08 1.19
Second extinction, (mm x 1074 0.34(4) 0.33(3) 0.30(2)

¢ Cell dimensions from least-squares refinement of Guinier X-ray data.

TABLE 1i

FINAL REFINED ATOMIC POSITIONAL (X 10*) AND EQUIVALENT ISOTROPIC THERMAL (Az) PARAMETERS FOR
MM’ AlO, MATERIALS IN SPACE GROUP [4/mmm®

A-site for
(MM'AlO,))® Z(A) z2(02) B(A) B(Al) B(O1) B(02)
CaY 3581.6(8) 1679(6) 0.5(1) 0.4(1) 0.6(1) 1.3(1)
CaNd 3583.6(3) 1665(4) 0.4(1) 0.3(1) 0.2(1) 0.8(1)
LaSr 3588.5(2) 1625(4) 0.4(1) 0.5(1) 0.5(1) 0.9(1)

¢ Unit cell parameters are given in Table 1.
b Atomic positions are as follows: MM’ site at position 4e at (0, 0, 7); Al at 2a (&, , 3); Ol at 4c &, 0, 3), and

02 at 4e (0, 0, 2).
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TABLE 1II

SELECTED INTERATOMIC DISTANCES FOR MM'AlO,
MATERIALS (MM' = CaY, CaNd, or SrlLa)

Atoms CaY CaNd SrLa
MM’'-0(1) x 4 2.4799(7) 2.5186(3)  2.5882(2)
MM'-0(2)° X 4 2.5936(9) 2.6228(5) 2.6678(5)
MM'-0(2) 2.259(7) 2.326(5) 2.480(5)
(MM'-0) 2.506 2.544 2.612
Ideal” 2,528 2.572 2.666
S(MM'-0O)¢ -0.022 —0.028 -0.054
Vi (v )? 2.35 2.36 2.58
Al(D-0(1) x 4  1.8209(2) 1.84235(5) 1.8768(1)
Al(D)-02)¢ x 2 1.992(7) 2.018(4) 2.052(5)
(Al-0) 1.878 1.901 1.935
Ideal® 1.935 1.935 1.935
S(AI-0)° —0.057 —0.034 0.000
Va (v} 3.32 3.13 2.85

I+ X, 4+ Y, - Z

b Calculated from the sum of the ionic radii for 6-
coordinated AB*(0.535 A)and O?~(1.40 A), and 9-coor-
dinated Ca?*(1.18 A), Y3*(1.075 A), Nd**(1.163 A),
Sr2*(1.31 A), and La’*(1.216 &) (26).

¢ Difference between ideal average and observed av-
erage bond distances.

4V = exp[(R, — R)/0.37], where R = observed bond
distance; R,(MM') = [Ry(M) + R(M")1/2; R, (Al) =
1.651 A; Ry(Ca) = 1.967 A; Ry(Sr) = 2.118 A; R(Y)
=2.019 A; R,(Nd) = 2.105 A; and Ry(La) = 2.172 A
7).

b+ X i+ Y584+ Z

viously (28). Edge capacitance was calcu-
lated from an expression determined empiri-
cally from data on standard fused silica,
CaF,, and SrF,,

C. = (0.019 In P/t — 0.043)P,

where P and ¢ are sample perimeter and
thickness in centimeters. The overall accu-
racy of the dielectric constant measure-
ments using the above technique is esti-
mated to be 0.5-1.5%. Dielectric loss (tan
8) errors are estimated to be 5-20% at levels
of tan 8 = 0.002 and to be 50-100% at levels
of 0.0004-0.0005 (28).

Results

Table 1V summarizes the single-crystal
dielectric data for CaYAIQ,, CaNdAIO,,
and SrLaAlO,. CaYAIQ, and CaNdAIO,
showed decreases of less than 0.3% in &’
over the frequency range 30 KHz to 3 MHz,
whereas SrLaAlO, showed a decrease of
0.5% over the same range. The dissipation
factors are all less than 0.0010, suggesting
good crystal quality and purity. The dissipa-
tion factor of CaNdAIlQ, is exceptionally
low.

All three MM'AlO, compounds show
considerable anisotropy in the dielectric
constant which changes as the average rela-
tive size of the MM' cations increase. k,
decreases whereas k_ increases as the aver-
age ionic radii of M and M', r(M, M'), in-
crease. The values of k, of CaNdAlO, and
SrLaAlOQ, obtained here at I MHz (19.65
and 16.81, respectively) agree well with the
values obtained by Sobolewski et al. (16) at
200-1000 GHz (20 and 17, respectively).
The related compound La,CuO, shows an-
isotropy at 4.2 K similar to that of CaYAIO,
and CaNdAIO, with saturation values of
k. (31) > k! (27) as determined by Chen et
al. (33) and with values of «, (45) > k. (23)
as determined by Reagor et al. (34).

Discussion

The structure of the tetragonal MM’ AlO,
materials (MM’ = CaY, CaNd, or SrLa) is
of the K,NiF, type illustrated in Fig. 1. The
AlQq octahedra form a two-dimensional net
by corner-shared oxygen atoms. These AlO;
layers, reminiscent of these found in perov-
skite, are separated by (M, M")O slabs with
the rock salt structure (Fig. 1). The M and
M' cations are 9-coordinated to oxygen
within this structural unit.

Within the basal plane the Al-O1 bond
distance is constrained by the unit cell di-
mensions since both O1 and Al reside on
special positions (see Tables I and II). On
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TABLE IV
SUMMARY OF DIELECTRIC CONSTANTS AND TOTAL POLARIZABILITIES

Compound K, (tan 8) K. (tan 8) (k") V., (A)  Frequency ap’ (A) Reference
CaO 11.95 11.95 1 MHz 5.22 9
SrO 14.5 14.5 6.48 30
Al,O4 9.395 11.589 10.126 1 KHz 7.627 31
Y,0, 11.4 11.4 100KHz  13.81 32
Nd,0; 16.3° This work
L2,0; IMHz 177 11
CaYAIO, 21.44 = 0.02 16.12 = 0.04 19.67 78.88 1 MHz 16.2 This work
0.0008 0.0008
CaNdAIO, 19.65 = 0.1 17.65 = 0.1 18.98 82.30 1 MHz 16.8 This work
0.0002 0.0004
SrLaAlO, 16.81 = 0.1 20.02 = 0.1 17.88 89.15 1 MHz 18.07 This work
0.0006 0.0008

“ ¥V, molar volume.
bap = GAmM(Vy) - (& — DI — 2).

¢ Obtained from a; = 2 (Aoiges), Where ap, (NdPs0,) = 39.24 A} (13), ap (Nd, ;Ga, 5015) = 46.40 A® (1), apy

(P,05) = 12.44 A3 (13), and oy (Ga,0,) = 8.80 A3 (11).

the other hand the axial Al-O2 distance is
determined by both the c-cell parameter and
a variable z-positional parameter; both of
these variables will depend on the average
ionic radius of the alkaline earth and rare
earth cations, since these are disordered

F1G. 1. Polyhedral representation of the structure of
the MM’ AlO, materials (MM’ = CaY, CaNd, or SrLa).
The unit cell is outlined. Al is located at the unit cell
corners and center,

over the M d'-cation sites in the ideal
K,NiFtype structure. These is illustrated
in Fig. 2, where individual and average
Al-O distances, normally relatively invari-
ant, increase regularly with the increase in
average size of the MM’ cation (Table III),
reaching the ideal average value only for
SrLaAlOQ,. The unusual behavior of the
Al-0 distances is perhaps better evaluated

2.10-| T L) T -3
_ axial
< 2.05¢ g
2 2.00F
g Ca/Nd SriLa
2 1.5 4
2 Ca/y average tdeal AI-O
) 1.90 -

L [} L [l L
1.10 1.15 1.20 1.25 1.30
<I'MM->

F1G. 2. Variation of the basal, axial, and average A1-O
bond distances with the average ionic radius of the
MM’ cations; radii are taken from Ref. (26). The ideal
Al-O distance is calculated from the sum of the ionic
radii for 6-coordinated AI’* and O?~.



96 SHANNON ET AL.

TABLE V
COMPARISON OF OBSERVED AND PREDICTED SINGLE-CRYSTAL DIELECTRIC POLARIZABILITIES

Predicted
ar Measured
Compound (k') (oxide rule) ar(exp)’ A% Vo Vil
CaYAIO, 19.67 15.94 16.22 +1.7 2.35 3.32
CaNdAIO, 18.98 17.18 16.84 -2.0 2.36 3.13
SrLaAlO, 17.88 19.14 18.07 -5.9 2.58 2.85

¢ Using the Clausius~Mosotti relationship; polarizabilities are in cubic angstroms.

» From Table 1II.

using bond valences, V,, calculated from
the Brown and Altermatt (27) parameters
given in Table III. Table V shows that in
CaYAIO, and CaNdAIlO,, V, > 3, sug-
gesting compressed Al ions, and in
SrLaAlOQ,, V,, < 3, suggesting slightly ex-
panded Al ions.

As the mean Al-O bond distance in-
creases, the mean MM'-O distance also in-
creases, consistent with the increasing aver-
age ionic radii of MM’ (Table III). The
deviation of these MM'-O distances from
those predicted from the ionic radii listed
in Table III increases progressively as the
average size of the MM’ cation increases,
suggesting that as the average MM’ cation
size increases, the Al-O network cannot ex-
pand sufficiently to satisfy the bonding re-
quirements of the MM’ cations. In terms
of bond valence, V,,, increases gradually
from less than the ideal value of 2.5 for CaY
AlQ, and CaNdAIQ,, to greater than 2.5
for SrLaAlQ,, (Table V), indicating rattling
CaY and CaNd cations and compressed
SrLa cations.

Table V compares the total molecular di-
electric polarizabilities determined from the
measured dielectric constants using the
Clausius—Mosotti relationship,

3 k' — 1
% = E(Vm) K' =72’
where V,, = molar volume and ' = dielec-

tric constant at 10°-10'° Hz and from the

oxide additivity rule. The deviations (A) of
the observed dielectric polarizabilities of
CaYAIQ,, CaNdAIO,, and SrLaAlQ, from
those calculated from the sum of oxide po-

-larizabilities according to the oxide additiv-

ity rule is larger than the typical 1% ob-
served for well-behaved oxides (10). There
is a gradual trend of A from slightly (+)
values for CaYAIQO, to strongly (—) values
for SrLaAlOQ,. This trend is accompanied by
an increase in mean Al-O distance of 1.878
A in CaYAIO, to 1.935 A in SrLaAlO,.. This
trend in A is similar to that observed in the
silicate garnet family, X;Al,S1;0,,, where
pyrope garnet (M = Mg) showed alarge (+)
deviation and grossular garnet (M = Ca)
showed a large ( — ) deviation. A further sim-
ilarity between the K,NiF,-type aluminates
and the silicate garnets is the variation of
the normally invariant mean Al-O distance;

d((Al 0)) for pyrope was found to be 1.886
A, whereas for grossular it is 1.924 A (35).

In the case of the garnets, an explanation
for the trend in A could be found in longer
than normal Mg—O distances and shorter
than normal Ca-O distances which occur
because the size of the X site produced by
the Al,Si;O,, framework is constrained by
the framework. The effect was more evident
from bond valences calculated using the pa-
rameters of Brown and Altermatt (27),
where Vy, and V(, were calculated to be
1.72 and 2.52 v.u., respectively, compared
to the ideal value of 2.0 v.u.
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VA|
29 3.0 3.4 32 33
1 1 1 T 1
a0l } -
IDEAL VALENCE
20k l CaYAIO;
0.0k -
A%

CaNdAIO .
20} anaAte CaNdAIO4
40k -
60}k SrLaAlO4 i

SrLaAlOg
1 ]

2.4 25

2.6 2.7 2.8

Vim

F1G. 3. Deviation from the oxide additivity rule, A, vs the apparent bond valence of MM’ (V,4,) and

of Al (V).

Similar behavior occurs in the MM’ AlO,
compounds. CaYAIlO, with rattling MM’
shows a (+) deviation, whereas SrL.aAlO,
with compressed MM’ leads to a (—) devia-
tion. Apparently, the effects of MM’ are
greater than those of Al because CaYAlO,,
with rattling MM' and compressed Al,
shows a (+) deviation while SrLaAlO,,
with compressed MM’ and rattling Al,
shows a (—) deviation. CaNdAIlQO, is an in-
termediate case. Based on the above argu-
ment expanded MM’ should lead to (+) de-
viations. However, it shows a (— ) deviation
and evidently more complex behavior.
These effects are shown graphically in Fig.
3 with the tendency of MM’ to fit more
loosely in the framework directly opposing
the effect of Al being progressively more
compressed.
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