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The crystal structures of La2O2CO3 II and Nd2O2CO3 II have
been shown by means of high-resolution powder neutron (PND)
and synchrotron X-ray di4raction (SXRD) combined with se-
lected area electron di4raction (SAED) studies to be far more
complex than earlier anticipated, owing to ordering of carbonate
groups between (Ln2O

21
2 )n layers. In contrast to earlier descrip-

tions, the carbonate groups appear to be rather regular. Relative
to an average model, the SAED patterns show additional scatter-
ing in the form of closely distributed, but essentially discrete,
spots along S1

3 ,
1
3 , lT*. Most of the observed scattering, H, can be

described as H 5 G^mq11nq2, where G is the Bragg re6ections
of the underlying average P63 /mmc lattice, q1 5 [1

3,
1
3, 61

2]*,
q2 5 [1

3 ,
1
3, 62

3]*, and m and n are integers. The additional
scattering re6ects ordering of the carbonate groups into trigonal
layers between the (Ln2O

21
2 )n layers, but it remains open whether

q1 and q2 represent two separate structures with di4erent stack-
ing sequences of such layers or whether they correspond to an
even more complex stacking sequence. In any case, some dis-
order and rotational domain twinning are present. Two structure
models, one for each modulation wave vector, were constructed.
Rietveld-type re5nements of PND data of La2O2CO3 II were
performed, approximating the complex, and at least partly dis-
ordered, stacking sequence as a two-phase mixture of the two
modulated phases. Satisfactory convergence was achieved with
Rp 5 6.4%, Rwp 5 8.3%, and v2 5 3.32. The isothermal expan-
sivities, ap, for La2O2CO3 II and Nd2O2CO3 II between 298 and
893 K were determined as 2.9231025 and 2.7031025 K21,
respectively. ( 2001 Academic Press

INTRODUCTION

Rare earth oxide carbonates ¸n
2
O

2
CO

3
(¸n"rare earth

element) exist in three crystalline modi"cations (I, IA, and
II). The three polymorphs are all believed to hold an ar-
rangement of (¸n

2
O2`

2
)
n

layers separated by CO2~
3

ions
(1, 2). Improved understanding of these materials is of im-
portance in relation to the use of functional basic oxides
1To whom correspondence should be addressed. E-mail: helmer.fjel-
lvag@kjemi.uio.no.
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(perovskites) in solid oxide fuel cells, permeable membranes,
catalysts, etc. in CO

2
-containing atmospheres.

The type I modi"cation has square (¸n
2
O2`

2
)
n
layers and

gives similar X-ray di!raction patterns as Bi
2
O

2
CO

3
(1).

Originally, Lagercrantz and Sillen (3) described Bi
2
O

2
CO

3
from X-ray di!raction data to be tetragonal (I4/mmm), how-
ever, the orientation of the CO2~

3
groups could not be

established. More recent powder neutron di!raction invest-
igations indicate a more complex structure (4), and orthor-
hombic unit cells (a

1
"b

1
" J2 ) a

T
, c

1
"2 ) c

T
, space

group Pna2
1
; a

2
"2 )J2 ) a

T
, b

2
"J2 ) a

T
, c

2
"c

T
, space

group Ama2) were considered. None of these models gave
acceptable R factors or realistic O}C}O bond angles (4).
Greaves and Blower (4) therefore concluded that the true
carbonate group representation requires an even larger unit
cell. Hence, the description for Bi

2
O

2
CO

3
(and ¸n

2
O

2
CO

3
I) is incomplete with respect to the carbonate groups. The
nature of IA is more ambiguous, and it is described as
a monoclinic distortion of form I (1, 2).

During the past decades several studies have considered
the crystal structure of the type II modi"cation (5}9). From
single-crystal X-ray di!raction data, Christensen (5) de-
scribed a hexagonal structure for Nd

2
O

2
CO

3
II. Powder

X-ray di!raction data revealed La
2
O

2
CO

3
II to be isostruc-

tural (6). Recently Kutlu and Meyer (7) provided similar
"ndings for Dy

2
O

2
CO

3
II on the basis of single-crystal

X-ray di!raction data. According to space group P6
3
/mmc,

the following sites are occupied: C 6h (x, 2x, 1
4
), O1 6h (x, 2x,

1
4
), O2 4e (0, 0, z), O3 4 f (1

3
, 2
3
, z), and ¸n 4f (1

3
, 2
3
, z). The sixfold

C and O1 sites are only 1
3

occupied, which implies orienta-
tional disorder for the carbonate groups arranged between
the (¸n

2
O2`

2
)
n
layers, built by O¸n

4
tetrahedra. Structural

aspects are shown in Fig. 1, and this description is hereafter
termed as the average model. According to this model
(Table 1), the carbonate groups in La

2
O

2
CO

3
II and

Nd
2
O

2
CO

3
II are rather deformed; see C}O bond lengths,

O}O separations, and O}C}O bond angles in Table 2.
An exact description of the type II structure is di$cult on

the basis of X-ray di!raction data alone, owing to weakly
scattering oxygen and carbon atoms in combination
with heavy rare earth elements. Optical absorption and



FIG. 1. (a) Schematic drawing of the crystal structure of ¸n
2
O

2
CO

3
II, indicating (¸n

2
O2`

2
)
n
layers with O¸n

4
tetrahedra separated by CO2~

3
groups.

(b, c) Average model description of ¸n
2
O

2
CO

3
II in space group P6

3
/mmc (5}7) with emphasis on CO2~

3
disordered groups (b) and ¸n coordination (c).

The sixfold C and O1 sites are 1
3

occupied. ¸n; s oxygen; d carbon.
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#uorescence spectroscopy data (8, 9) indicate that the ¸n
atoms (¸n"La, Nd) take more than one local coordina-
tion. The ¸n sites are similar but subject to somewhat
di!erent electric "elds, which may indicate di!erent modes
of packing of CO2~

3
ions from one layer to the next (9). For

some samples, the electron di!raction patterns indicate an
enlarged hexagonal unit cell, a

TEM
"a

XRD
)J3 (8).

The planar D
3h

symmetry of the free carbonate ion gives
rise to six internal vibration modes, two of them doubly
degenerate. Following the Herzberg convention, these are
l
1
"1063, l

2
"879, l

3
"1415, and l

4
"680 cm~1 (10).

The symmetrical stretching mode l
1

is infrared inactive for
the free ion. Its observation for many solids indicates
a dipole and symmetry lowering within the carbonate group
TABLE 1
Reported Unit Cell Dimensions and Fractional Atomic

Coordinates for the Average Model Descriptions of La2O2CO3

II (6), Nd2O2CO3 II (5), and Dy2O2CO3 II (7), Space Group
P63 /mmc

WuK cko! sitea La
2
O

2
CO

3
II Nd

2
O

2
CO

3
II Dy

2
O

2
CO

3
II

a (pm) 407.55(6) 399.1 386.9(2)
c (pm) 1595.7(1) 1566 1516.3(3)
x(C)b 6h 0.040(6) 0.13(3) 0.0843(20)
x(O1)b 6h 0.235(2) 0.28(3) 0.2743(7)
z(O2) 4e 0.1786(4) 0.178(3) 0.1758(3)
z(O3) 4 f 0.5577(3) 0.557(2) 0.5563(6)
z(¸n) 4 f 0.09570(4) 0.0944(1) 0.0938(1)

aWuK cko! sites: 6h (x, 2x, 1
4
); 4e (0, 0, z); 4f (1

3
, 2
3
, z). b1

3
occupied.
to C
2v

or C
s
(1). For La

2
O

2
CO

3
II and Nd

2
O

2
CO

3
II l

1
is

observed at 1088 and 1094 cm~1 (11). According to Reeder
(12), the geometry of the CO2~

3
group is remarkably uni-

form in most solids despite the wide variety of crystal
structures of minerals and synthetic carbonates. The
O}C}O bond angle is often close to 1203 and the C}O
bonds vary between 125 and 131 pm (12).

Two important questions are addressed with respect to
the crystal structure of ¸n

2
O

2
CO

3
II. First, are the carbon-

ate groups as strongly deformed as reported (cf. Table 2)?
Second, does an ordering of the carbonate groups take
place? In the present work these questions are approached
for the type II crystal structures of La

2
O

2
CO

3
and

Nd
2
O

2
CO

3
by means of high-resolution powder neutron
TABLE 2
Calculated Interatomic Separations (pm) and Bond Angles (3)

for the CO22
3 Groups in the Average Model Description of

La2O2CO3 II, Nd2O2CO3 II, and Dy2O2CO3 II

La
2
O

2
CO

3
II Nd

2
O

2
CO

3
II Dy

2
O

2
CO

3
II

C}O1 (pm) 137.2 103.1 127.3
C}O2 (pm) (]2) 119.3 144.1 125.9
O1}O2 (pm) (]2) 201.9 223.3 215.5
O2}O2 (pm) 231.9 226.1 225.0
LO1}C}O2 (3) (]2) 103.6 128.4 116.7
LO2}C}O2 (3) 152.7 103.3 126.6

Note. Calculated on the basis of structure data in Refs. (5}7).
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(PND) and synchrotron X-ray di!raction (SXRD) investiga-
tions combined with selected area electron di!raction
(SAED) studies.

EXPERIMENTAL

Syntheses. La
2
O

2
CO

3
II was prepared by carbonatiz-

ation of La
2
O

3
(99.99%, Molycorp) under a stream of

carbon dioxide at 1123 K for 5 days. Nd
2
O

2
CO

3
II was

synthesized by decomposition of Nd(III)acetate hydrate
(99.9%, Aldrich) at 773K in air for 24 h. The obtained pale
blue powder was thereafter cold pressed into pellets and
"red for 5 more days at 1038K under #owing carbon
dioxide. All products were cooled to ambient temperature in
a desiccator to prevent adsorption of water.

Powder di+raction. The sample purity was ascertained
from powder X-ray di!raction data (Guinier}HaK gg tech-
nique at 298K; CrKa

1
and CuKa

1
radiation with

j"228.970 and 154.0598 pm; silicon (13) as the internal
standard). Unit cell dimensions were re"ned by means of the
CELLKANT program (14).
FIG. 2. Observed, calculated, and di!erence SXRD intensity pro"les fo
average model with restrained carbonate groups, F"1000.
High-temperature powder X-ray di!raction (HT-XRD)
data were collected with a Siemens D500 di!ractometer in
Bragg}Brentano geometry using CuKa

1
radiation, a pri-

mary monochromator, and a scintillation detector. Temper-
ature calibration was done by means of thermal expansion
data for silver (15).

SXRD data for Nd
2
O

2
CO

3
II at 298K were collected at

the Swiss Norwegian Beam Lines (BM01) at ESRF
(Grenoble, France). The sample was kept in a rotating glass
capillary with 0.5-mm diameter. Data were measured in
Debye}Scherrer mode between 2h"15.003 and 2h"80.003
in steps of *(2h)"0.0153 (4333 data points; 106 re#ections
for the average model). Monochromatic X-rays, j"105.29
pm, were obtained from a channel-cut Si(111) crystal.

High-resolution PND data for La
2
O

2
CO

3
II were col-

lected at 298K between 2h"10.003 and 2h"130.003 in
steps of *(2h)"0.053 (2399 data points) using the two-axis
powder di!ractometer PUS at the JEEP II reactor (Kjeller,
Norway). Monochromatic neutrons with j"155.28 pm
were obtained from a Ge(511) monochromator. In addition,
PND data were collected for Nd

2
O

2
CO

3
II between

2h"6.003 and 2h"101.003 using the OPUS III two-axis
r Nd
2
O

2
CO

3
II at 298 K (j"105.29 pm). Re"nements according to the



17CRYSTAL STRUCTURE OF ¸n
2
O

2
CO

3
II (¸n"La AND Nd)
di!ractometer (j"182.5 pm; 1899 data points, 81 re#ec-
tions in average model). The samples were contained in
cylindrical sample holders of vanadium sealed with an in-
dium washer.
FIG. 3. Selected part of the observed, calculated, and di!erence PND i
according to the average model with (a) the carbonate groups restrained, F"

on the hexagonal subcell. Similar features are observed for Nd
2
O

2
CO

3
II.
The GSAS program (16) was used for Rietveld-type re-
"nements of SXRD and PND data. For the PND data, the
peak shape was modeled using a Gaussian function whereas
for the SXRD data a pseudo-Voigt function was used,
ntensity pro"les for La
2
O

2
CO

3
II at 298 K (j"155.28 pm). Re"nements

1000 and (b) relaxed restraints, F"1. Arrows mark re#ections not indexed
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including also Scherrer and strain broadening coe$cients.
The background was generally modeled using cosine
Fourier series polynomials. The neutron scattering lengths
b
L!
"8.27 fm, b

N$
"7.69 fm, b

O
"5.81 fm, and b

C
"6.65 fm

were taken from the GSAS library (16). The use of soft
distance restraints is described below. The PND re"nements
for La

2
O

2
CO

3
II included 130 re#ections in the average

model (1688 for model 1 in Ama2 and 1529 for model 2 in
C2/c, see below) with 27 free re"nable parameters (97 and 59
for Ama2 and C2/c, respectively).

Electron di+raction. SAED experiments were performed
using a JEOL 2000FX transmission electron microscope.
The probe specimens were prepared by mild grinding of the
FIG. 4. SAED patterns of La
2
O

2
CO

3
II along (a) S001T, (b) S100T, and

appearance of not very well de"ned spots or spots elongation along the c*
observed for Nd

2
O

2
CO

3
II.
powdered samples before dispersing them into holey
carbon-coated copper grids.

RESULTS AND DISCUSSION

Crystal structure. The synchrotron and conventional
XRD patterns for Nd

2
O

2
CO

3
II and La

2
O

2
CO

3
II were

completely indexed on the hexagonal unit cells described by
Christensen (5) and Att"eld and Ferey (6).

The SXRD data for Nd
2
O

2
CO

3
II were re"ned on the

basis of the average model (5}7). According to Reeder (12),
carbonate groups tend typically to be regular. For that
reason the approach by Christensen (5) and Att"eld and
Ferey (6) was modi"ed by restraining C}O bonds lengths
(c, d) S111 0T zone axis. (c) and (d) refers to neighboring specimen areas. The
axis is caused by the narrow distribution of the spots. Similar features are



FIG. 5. (a) Disordered carbonate layer (plane group p3m1) according to the average model and with two-dimensional unit cell (a
$-

, b
$-
);

(b) two-dimensional unit cell (a
0-
, b

0-
) of an ordered layer (plane group p31m); d carbon; s and s oxygen; m threefold axis.
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and O}O separations (and thereby O}C}O bond angles) to
128$1 and 222$2 pm, respectively. Due to the observa-
tion of the symmetrical stretching mode l

1
for the two oxide

carbonates (11), the soft constraint weight was set to
F"1000 (16), which will allow small deviations from the
ideal (restrained) bond values. The subsequent re"nements
converged satisfactorily, giving R

1
"5.3%, R

81
"6.7%,

and s2"1.54; see observed, calculated, and di!erence
SXRD intensity pro"les in Fig. 2. No additional re#ections
are observed. Since earlier structure analyses (5, 6) report
deformed carbonate groups (Table 2), the soft constraint
weight was relaxed to F"1. Again, the re"nements con-
verged well, this time giving deformed carbonate groups
consistent with earlier reports (5, 6), however, without major
improvement in the R factors (R

1
"5.1%, R

81
"6.5%, and

s2"1.44). There is hence no support from SXRD data for
TABL
Crystal Structure Data for La

La
2
O

2
CO

3
II La

2
O

2
CO

3
II

(PND, 298K) (PND, 298K)

Crystal system Hexagonala Orthorhombicb
Space group P6

3
/mmc Ama2

a (pm) 407.95 (3) 3191.4 (2)
b (pm) 1224.7 (2)
c (pm) 1595.3 (1) 706.3 (1)
b (3)
< (106 pm3) 229.93 (3) 2760.7 (5)
R

1
(%) 12.9 7.3

R
81

(%) 16.9 9.9
s2 14.4 4.88

Note. Calculated standard deviations in parentheses F"1000.
aAverage model (P6

3
/mmc).

bModel 1 (Ama2).
cModel 2 (C2/c).
deformed carbonate units. However, the data de"nitely
proves that the basic structure with respect to the
(Nd

2
O2`

2
)
n
layers is correct.

Thereafter the PND data for La
2
O

2
CO

3
II and

Nd
2
O

2
CO

3
II were re"ned according to the average model

with restrained carbonate groups as earlier outlined,
F"1000. The re"nements gave for La

2
O

2
CO

3
II

R
1
"12.9%, R

81
"16.9%, and s2"14.4. The apparently

better "t for Nd
2
O

2
CO

3
II, R

1
"6.6%, R

81
"8.5%, and

s2"2.60, is an artifact due to reduced counting statistics
and resolution in the PND data (i.e., the use of an inferior
di!ractometer). Figure 3a shows a selected part of the PND
intensity pro"les for La

2
O

2
CO

3
II. Relaxation of the weight

(F"1) for the C}O distance and the O}O separation re-
straints improves signi"cantly the "t between observed and
calculated intensity pro"les; e.g., for La

2
O

2
CO

3
II the
E 3
2O2CO3 II and Nd2O2CO3 II

La
2
O

2
CO

3
II Nd

2
O

2
CO

3
II

(PND, 298K) (SXRD, 298K)

Monoclinicc Hexagonala
C2/c P6

3
/mmc

1223.9 (2) 398.805 (5)
706.68 (9)

1646.5 (1) 1561.19 (2)
75.69 (1)

1379.9 (2) 215.04 (1)
8.4 5.3

10.7 6.7
6.06 1.54



TABLE 4
Fractional Atomic Coordinates for La2O2CO3 II,

Model 1, Space Group Ama2

Coordinates

Atom WuK cko! sitea x y z

C1 4a 0 0 0.950 (4)
C2 4b 1

4
0.334 (3) 0.049 (3)

C3 4b 1
4

0.032 (3) 0.990 (5)
C4 4b 1

4
0.138 (2) 0.469 (5)

C5 8c !0.0003 (4) 0.685 (2) 0.039 (4)
O1 4a 0 0 0.768 (4)
O2 4b 1

4
0.340 (4) 0.230 (3)

O3 4b 1
4

0.627 (3) 0.415 (7)
O4 4b 1

4
0.044 (4) 0.387 (9)

O5 8c !0.0082 (7) 0.769 (2) 0.141 (5)
O6 8c 0.2848 (1) !0.018 (3) 0.012 (4)
O7 8c 0.0349 (1) 0.001 (2) 0.039 (4)
O8 8c 0.2151 (1) 0.335 (3) !0.041 (3)
O9 8c 0.7151 (1) 0.322 (2) 0.027 (5)
O10 8c 0.4619 (4) 0.661 (2) 0.011 (4)
O11 8c 0.9696 (5) 0.623 (2) !0.012 (4)
O12 8c 0.0974 (7) !0.002 (3) 0.336 (6)
O13 8c 0.344 (1) !0.010 (3) 0.681 (7)
O14 8c 0.400 (1) 0.331 (4) 0.333 (5)
O15 8c 0.899 (1) 0.331 (3) 0.328 (6)
O16 8c 0.1579 (8) 0.667 (3) 0.682 (5)
O17 8c 0.6548 (9) 0.671 (3) 0.655 (6)
La1 8c 0.3277 (6) !0.009 (2) 0.342 (6)
La2 8c 0.0766 (9) 0.008 (2) 0.667 (5)
La3 8c 0.1719 (9) 0.327 (3) 0.346 (4)
La4 8c 0.6710 (9) 0.339 (3) 0.345 (5)
La5 8c 0.4233 (6) 0.665 (2) 0.659 (4)
La6 8c 0.9238 (6) 0.665 (2) 0.681 (4)

Note. Calculated standard deviations in parentheses. Isotropic
displacement factors (in 104 pm2): B

*40
(C)"1.426, B

*40
(O)"1.444, and

B
*40

(La)"0.091. F"1000.
aWuK cko! sites: 4a (0, 0, z); 4b (1

4
, y, z); 8c (x, y, z).

TABLE 5
Fractional Atomic Coordinates for La2O2CO3 II,

Model 2, Space Group C 2/c

Coordinates

Atom WuK cko! sitea x y z

C1 4e 0 0.820 (2) 1
4

C2 8f 0.693 (1) 0.283 (2) !0.2535 (5)
O1 4e 0 0.002 (2) 1

4
O2 8f 0.7773 (9) 0.601 (2) 0.2423 (9)
O3 8f 0.8416 (9) 0.310 (2) 0.1857 (5)
O4 8f 0.517 (1) 0.233 (2) 0.1799 (2)
O5 8f 0.175 (1) 0.271 (2) 0.1770 (5)
O6 8f 0.900 (2) 0.084 (4) 0.5574 (8)
O7 8f 0.563 (2) 0.083 (3) 0.5558 (8)
O8 8f 0.234 (2) 0.076 (3) 0.5579 (8)
La1 8f 0.055 (1) 0.092 (3) 0.0946 (6)
La2 8f 0.717 (1) 0.087 (2) 0.0940 (5)
La3 8f 0.385 (1) 0.091 (2) 0.0963 (6)

Note. Calculated standard deviations in parentheses. Isotropic
displacement factors (in 104 pm2): B

*40
(C)"1.308, B

*40
(O)"0.355, and

B
*40

(La)"0.529. F"1000.
aWuK cko! sites: 4e (0, y, 1

4
); 8f (x, y, z).

TABLE 6
Selected Interatomic Distances (pm) and Bond Angles (3)

for Carbonate Groups in La2O2CO3 II, Model 1 (Ama2) and
Model 2 (C2/c) as Derived from PND Data

Distances (pm) Angles (3)

Carbonate groups, Model 1
C1}O1 128.5 (4) LO1}C1}O7 119.4 (3)]2
C1}O7 127.8 (2)]2 LO7}C1}O7 121.2 (6)
C2}O2 128.4 (4) LO2}C2}O8 119.3 (4)]2
C2}O8 128.0 (3)]2 LO8}C2}O8 121.0 (7)
C3}O3 128.5 (4) LO3}C3}O6 119.2 (5)]2
C3}O6 128.0 (3)]2 LO6}C3}O6 120.6 (7)
C4}O4 128.5 (4) LO4}C4}O9 118.8 (5)]2
C4}O9 128.1 (3)]2 LO9}C4}O9 120.6 (8)
C5}O5 128.9 (4) LO5}C5}O10 117.6 (6)
C5}O10 127.6 (4) LO5}C5}O11 119.3 (6)
C5}O11 127.5 (4) LO10}C5}O11 122.7 (7)

Carbonate groups, Model 2
C1}O1 128.8 (4) LO1}C1}O4 118.6 (3)]2
C1}O4 127.7 (3)]2 LO4}C1}O4 122.8 (7)
C2}O2 130.3 (4) LO2}C2}O3 117.2 (6)
C2}O3 127.5 (4) LO2}C2}O5 116.7 (7)
C2}O5 127.7 (4) LO3}C2}O5 122.5 (7)

Note. F"1000.
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reliability factors became R
1
"8.7%, R

81
"11.3%, and

s2"6.20 (for "t, see Fig. 3b). However, the improved "t of
the main re#ections does not necessarily indicate strongly
deformed carbonate groups. In the present case the adopted
model is incomplete and a more complex model with order-
ing of carbonate groups is required. In this sense the "nd-
ings concur with those for the closely related compound
Bi

2
O

2
CO

3
(4).

The PND patterns for both La
2
O

2
CO

3
II and

Nd
2
O

2
CO

3
II contain weak additional re#ections that can-

not be described by the small hexagonal unit cell (see re#ec-
tions marked by arrows in Figs. 3a and 3b for La

2
O

2
CO

3
II) nor do they correspond to any known impurity. Since
La

2
O

2
CO

3
II is diamagnetic and Nd

2
O

2
CO

3
II paramag-

netic at 298 K (11), magnetic scattering contributions can be
ruled out. Carbon and oxygen have quite large neutron
scattering lengths, therefore it is likely that the additional
peaks re#ect carbonate ordering. To explain these addi-
tional, weak re#ections in the PND patterns, SAED was
applied.

When crystallites of ¸n
2
O

2
CO

3
II (¸n"La or Nd) were

aligned along the zone axis S001T (Fig. 4a) or S100T
(Fig. 4b), the SAED patterns in the TEM studies revealed



FIG. 6. The crystal structure of ¸n
2
O

2
CO

3
II (¸n"La, Nd) according to (a) the average model (P6

3
/mmc) seen along [110], (b) model 1 (Ama2) seen

along [001], and (c) model 2 (C2/c) seen along [010].
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a reciprocal lattice compatible with the average structure
described in space group P6

3
/mmc, Table 1. In contrast,

SAED patterns along other directions showed considerable
amounts of additional scattering. Figures 4c and 4d
show typical SAED patterns along the S111 0T zone axis
collected for the same specimen. Note that the additional
scattering is di!erent in the two di!raction patterns, which
demonstrates a variation of the reciprocal lattice upon mov-
ing the electron beam over the crystallite or from crystallite
to crystallite. However, all observed scattering in addition
to G (the Bragg lattice of the average model with disordered
carbonate groups) could always be explained as falling on
the lines G$S1

3
, 1
3
, lT*. The additional scattering is in the

form of very narrowly distributed but essentially discrete
spots.

After a large number of SAED patterns from di!erent
crystallites was studied, it was concluded that the dominant
part of the scattering can be described as H"G$mq

1
#

nq
2
, where q

1
"[1

3
, 1
3
, $1

2
]* and q

2
"[1

3
, 1

3
, $2

3
]* are

modulation wave vectors and m and n are integers. The
variations in the appearance of the SAED patterns in Figs.
4c and 4d can be explained by di!erent relative intensities
(amounts) of these modulation wave vectors. All examined
crystallites contained both types of modulation wave vec-
tors, however, in varying proportions.

These features in reciprocal space gave important indica-
tions on the real space ordered crystal structure. First, the
fact that the reciprocal space includes only features de-
scribed with G$S1

3
, 1

3
, lT* indicates that each partially

occupied disordered carbonate layer (in the average model)
could be decomposed into fully occupied trigonal layers
with an expanded two-dimensional lattice repetition. If one
assumes that the structure consists of ordered CO2~
3

tri-
angles, only one of the three carbon atoms surrounding each
indicated oxygen (cf. Fig. 5a) could locally be present. If the
threefold axes at (0, 0) and (1

3
, 2
3
) in the p3m1 plane group of

the projected disordered layer (dl) is removed, the two-
dimensional unit cell is expanded and the plane group is
changed to p31m (cf. Fig. 5b). The two-dimensional unit cell
of this ordered layer (ol) can be expressed as a

0-
"2a

$-
#b

$-
and b

0-
"!a

$-
#b

$-
(corresponding to a*

0-
"1

3
a*
$-
#1

3
b*
$-

and b*
0-
"!1

3
a*
$-
#2

3
b*
$-
).

In the crystal structure, only one of these ordered layers is
present at a given height along c. The removal of the threefold
axis (actually the 6

3
operation) implies three possible stacking

rotations of each ordered layer. These are indicated in Fig. 5a
as 1, 2, or 3. Rotation 1 is drawn in Fig. 5b.

In the unit cell of the average model, there are two
symmetry-related disordered CO2~

3
layers (A and A@ ) separ-

ated by (¸n
2
O2`

2
)
n
slabs (Figs. 1 and 5). When each layer is

allowed to consist of one set of each of the three di!erent
con"gurations (A"1, 2, 3 and A@"1@, 2@, 3@), an unlimited
number of stacking sequences may be created. If the stack-
ing sequence of these layers is totally ordered, l will lock into
a "xed value and a superstructure is formed. If there is
a certain disorder related to this sequence, narrowly distrib-
uted spots or streaking will appear along c*.

In an attempt to de"ne a structure model that can be
re"ned with respect to the available high-resolution powder
neutron di!raction data for La

2
O

2
CO

3
II, it was assumed

that each of the two observed modulation wave vectors, i.e.,
q
1
"[1

3
, 1

3
, $1

2
]* and q

2
"[1

3
, 1

3
, $2

3
]*, correspond to

a frequently appearing stacking sequence. A unit cell
and space group were assigned to each to evaluate the



FIG. 7. Observed, calculated, and di!erence PND intensity pro"les for La
2
O

2
CO

3
II at 298K (j"155.28 pm); models 1 and 2, re"ned as a two-phase

with restrained carbonate groups, F"1000; (a) selected region; (b) whole pattern.
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hypothesis of stacked hexagonal nets. Note that the choice
of these two models does not imply that there are no other
repeated stacking sequences. In relation to the di!raction
patterns, one should bear in mind that domain twinning,
intergrowths of the two proposed sequences, and stacking
disorder appear to be present on a "ne scale. Therefore, the
derived crystal structures should not be considered as exact
at this stage.

Model 1 was constructed to explain the modulation wave
vector q

1
"[1

3
, 1

3
, $1

2
]*. The stacking sequence 12@13@1



FIG. 8. Temperature dependence of a, c, and < for average unit cell of
La

2
O

2
CO

3
II (open symbols, s) and Nd

2
O

2
CO

3
II (solid symbols, d).
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(Fig. 5) was chosen. Model 1 is described in the orthorhom-
bic space group Ama2, with the unit cell a

1
"2c, b

1
"3b,

and c
1
"!2a!b (a, b, and c refer to the average model)

and there are 28 nonequivalent atoms in the asymmetric
unit. Model 2 was constructed to explain the modulation
wave vector q

2
"[1

3
, 1
3
, $2

3
]*. The stacking sequence of the

layers is 11@22@33@1 (Fig. 5). Model 2 is described in the
monoclinic space group C2/c with the unit cell
a
2
"!3a!3b, b

2
"a!b, and c

2
"!a!b#c and

there are 13 nonequivalent atoms in the asymmetric unit.
Models 1 and 2 were "rst re"ned separately using high-

resolution PND data for La
2
O

2
CO

3
II. The carbonate

groups in the two models were constrained as earlier
outlined, F"1000. The re"nements converged well, giving
for model 1 R

1
"7.3%, R

81
"9.9%, and s2"4.88 and for

model 2 R
1
"8.4%, R

81
"10.7%, and s2"6.06. Results

and derived structure data are given in Tables 3}6. Figure 6
shows, in addition to the average model, the two superstruc-
tures resulting from the modulations for models 1 and 2.
Both re"ned models maintain rather regular carbonate
groups (Table 6). For model 1 the La}O bonds in
the (La

2
O2`

2
)
n
layers with OLa

4
tetrahedra are in the range

222(4)}260(3) pm, whereas the corresponding values are
238(3)}248(2) pm for model 2. The re"ned unit cell dimen-
sions for models 1 and 2 concur well with those of the
average model after appropriate conversion (see Table 3).

According to the SAED experiments, all crystallites gave
rise to satellites described with both q

1
and q

2
. This could

indicate an even more complex stacking sequence with
domains twinned by rotation around the hexagonal axis,
giving the di!erent appearance of SAED from di!erent
areas of the crystallites. Further details may possibly be
deduced by means of high-resolution electron microscopy
(HREM). The picture with two phases were tested out
during Rietveld-type re"nements of the PND data for
La

2
O

2
CO

3
II as a "rst approach, i.e., phase modulation

1 described by the unit cell according to q
1

and modulation
2 as described by the unit cell according to q

2
. The struc-

tural parameters determined in the individual re"nements of
models 1 and 2 were used as input parameters, however,
being kept constant during the entire process where only the
mass fraction between the two models was re"ned, giving
a value of 0.68. The two-phase re"nements gave a consider-
ably improved "t (R

1
"6.4%, R

81
"8.3%, and s2"3.32).

A selected part of the observed, calculated, and di!erence
intensity pro"les for the PND data of La

2
O

2
CO

3
II is given

in Fig. 7a; the whole pattern is shown in Fig. 7b.

¹hermal expansion. The thermal expansions of
La

2
O

2
CO

3
II and Nd

2
O

2
CO

3
II were determined by

HT-XRD between 298 and 893 K on the basis of the aver-
age model (P6

3
/mmc). No internal standard was used in the

measurements and the calculated unit cell dimensions at
298K were slightly adjusted to comply with values derived
from Guinier}HaK gg data. The temperature dependencies of
a, c, and < are shown in Fig. 8. The isobaric volume
expansivities, a

1
, for La

2
O

2
CO

3
II and Nd

2
O

2
CO

3
II were

established from the approximately linear <(¹ ) curves. For
the temperature range 298}893K, a

1
"(1/<

T
) ) (*</*¹) are

2.92]10~5 and 2.70]10~5 K~1, respectively.
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