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As a function of temperature the nitrite ions in sodium oxide
nitrite, Na3ONO2, show unique and complex order/disorder
phenomena. The crystal structures of the three low-temperature
modi5cations of Na3ONO2 have been determined by neutron
powder di4raction. In the cubic room-temperature modi5cation
(H-Na3ONO2, space group Pm31 m) the nitrite ions exhibit a 12-
fold orientational disorder. Upon cooling, the orientational dis-
order of the nitrite ions is reduced by two continuous order
processes and one discontinuous phase transition. At T++240 K,
H-Na3ONO2 transforms by a continuous phase transition to
tetragonal M-Na3ONO2 (space group I4/mcm, a 5
6.49174(12) As , c 5 9.19415(59) at T 5 195 K), and the orienta-
tional disorder of the nitrite ions is reduced via a continuous order
process. The order parameter Q follows the power law Q++

(TC2T)b with TC 5 239.5(6) K and b 5 0.28(2). At T 5 178 K
a discontinuous phase transition (DH 5 620 J/mol) takes place
and M-Na3ONO2 transforms to T-Na3ONO2 (space group
P4/mbm, a 5 6.46513(7) As , c 5 4.62382(6) at T 5 125 K). In T-
Na3ONO2 the nitrite ions exhibit a 2-fold orientational disorder.
At T++68K a second continuous phase transition to TT-
Na3ONO2 (space group P41 21m, a 5 6.45345(6) As , c 5
4.61973(6) at T 5 5 K) takes place and the orientational disorder
is further reduced. This order process is characterized by a criti-
cal temperature of TC 5 67.4(2) K and a critical exponent of
b 5 0.21(1). ( 1999 Academic Press
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INTRODUCTION

Sodium oxide nitrite Na3ONO2 was "rst synthesized by
Zintl and Morawietz in 1937 (1). Assuming that the com-
pound contains the orthonitrite ion &&NO3~

3
'' they called it

sodium orthonitrite, Na
3
NO

3
. In 1977 the structure of so-

dium orthonitrite was determined by single-crystal X-ray
di!raction (2, 3). It has been shown that Na

3
NO

3
does not

contain an orthonitrite ion, but has to be addressed as an
oxide nitrite.
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According to the formula (Na
3
O)` NO~

2
, sodium oxide

nitrite crystallizes in the anti-perovskite type of structure
(space group Pm31 m). The Na

3
O`-substructure constitutes

a framework of corner-sharing (ONa
6
) octahedra and the

nitrite ions occupy the cuboctahedral interstices formed by
12 Na` ions of the framework. The incompatibility between
the symmetry of the nitrite ion (2mm) and its site symmetry
(m 31 m) is resolved by a 12-fold orientational disorder of the
nitrite ion. The disorder of the nitrite ion can be described
by 6 nitrogen split sites (occupancy of 1/6), forming an
octahedron, and 24 oxygen split sites (occupancy of 1/12),
forming a truncated octahedron. The primitive cubic unit
cell of H-Na3ONO2 (the room-temperature modi"cation of
Na3ONO2) is shown in Fig. 1, the atomic coordinates are
given in Table 1.

By low-temperature Guinier di!ractometry in the tem-
perature range RT'¹'140 K two low-temperature
modi"cations of Na3ONO2 were identi"ed (4), a second
cubic modi"cation (M-Na3ONO2), stable between 220 and
160K, and a tetragonal modi"cation (T-Na3ONO2) below
160K. The similarities of the observed di!raction patterns
of the three polymorphs indicate that the main structural
feature of H-Na3ONO2, the anti-perovskite structure , re-
mains unchanged during the phase transitions. Therefore, it
was suggested that the observed phase transitions are
caused by order/disorder processes of the nitrite ions. For
T-Na3ONO2 a structural model in space group P 41 2

1
m was

proposed assuming an anti-ferroelectric ordering of the ni-
trite ions accompanied by a tetragonal distortion of the
Na

3
O`-framework. The present paper reports the results of

a neutron powder di!raction study of Na3ONO2 (5, 6) in the
temperature range 239K'¹'5K.

EXPERIMENTAL

Sodium oxide nitrite Na3ONO2 was prepared by solid
state reaction of sodium oxide Na

2
O and sodium nitrite

NaNO2 as previously described (4). For the subsequent
0022-4596/99 $30.00
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FIG. 1. Unit cell of H-Na3ONO2.

TABLE 1
Atomic Coordinates of H-Na3ONO2 (Space Group Pm31 m,

a 5 4.617 As )

Atom Site x y z SOF

O
1

1a 0 0 0 1
Na

1
3d 1/2 0 0 1

N
1

6 f 0.3980 1/2 1/2 1/6
O

2
24l 1/2 0.5500 0.7227 1/24
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analyses the product was transferred into a thin-walled
vanadium container (for neutron di!raction) and a stainless
steel crucible (for DSC measurement) under an inert atmo-
sphere (glove box).

Neutron di!raction data at ¹"5K (TT-phase),
¹"125K (T-phase), and ¹"195 K (M-phase) were
collected on the di!ractometer D1A (7, 8) at the Institut
Laue-Langevin, Grenoble, with a neutron wavelength of
j"1.964(2) As . The data were collected over a range
63(2h(1563 with a total collection time of about 12 h
and analyzed by the Rietveld method using the program
FULLPROF (9). Since the sample contained small amounts
of sodium oxide, the pro"le "ts were performed as two-
phase re"nements with sodium oxide (10) as the second
phase.

In order to measure the peak intensities of the lowest
order superlattice re#ections in TT- and M-Na3ONO2 as
a function of temperature, the sample was cooled down
slowly, and several data sets were recorded at intermediate
FIG. 2. Schematic representation of the powder patterns
temperatures in the two temperature ranges 5}75K and
195}240K. At each temperature the system was allowed to
equilibrate for 0.5 h, and a data set was collected covering
the range 203(2h(803 with a collection time of 1 h. Peak
intensities were obtained by "tting Gaussian pro"les to the
data, and the intensities of the superlattice re#ections were
scaled to the intensity of an adjacent regular re#ection.

Thermoanalytical measurements were carried out using
a Perkin Elmer DSC-2C in the temperature range from
140 K to RT (heating rate 10 K/min).

RESULTS AND DISCUSSION

Polymorphism of Na3ONO2

The low-temperature neutron di!raction investigations
on Na3ONO2 reveal the existence of four polymorphs
depending on temperature. Na3ONO2 transforms at
¹

H}M
+240K from the cubic room temperature modi"ca-

tion (H-Na3ONO2) to a second cubic modi"cation (M-
Na3ONO2), at ¹

M@T
"178K to a tetragonal modi"cation

(¹-Na3ONO2), and at ¹
T@TT

+68K to TT-Na3ONO2 which
is stable down to ¹"5 K and is tetragonal as well. The
neutron di!raction patterns of the four phases are shown
schematically in Fig. 2 with the re#ections of H-Na3ONO2

indexed.
of Na3ONO2 in the temperature range RT'¹'5K.



FIG. 3. Molar heat capacity C
P
of Na3ONO2 in the temperature range

160 K(¹(260 K.
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The similarities of the di!raction patterns depicted in
Fig. 2 re#ect the close structural relationships between
the four modi"cations of Na3ONO2. The phase transition
from the cubic to the tetragonal modi"cation (M-
Na3ONO2PT-Na3ONO2) is obviously discontinuous. This
is con"rmed by DSC measurements which reveal a thermal
anomaly at ¹"178 K with an associated enthalpy change
of *H"620 J/mol (Fig. 3). By contrast, the two phase
transitions between the two cubic and between the two
tetragonal modi"cations (H-Na3ONO2PM-Na3ONO2

and T-Na3ONO2PTT-Na3ONO2, respectively) are appar-
ently continuous. These phase transitions are indicated by
superlattice re#ections which emerge without any resolvable
discontinuity on decreasing temperature. The lack of any
other signi"cant changes in the di!raction patterns (Fig. 2)
suggests that continuous order/disorder processes take
place in M-Na3ONO2 and TT-Na3ONO2. This interpreta-
tion is supported by DSC measurements which do not show
any evidence for a phase transition at about ¹+240 K
(Fig. 3).

The crystal structures of the three low temperature modi-
"cations of Na3ONO2 were determined by Rietveld analysis
of the neutron di!raction data recorded at T"195K (M-
Na3ONO2), ¹"125 K (T-Na3ONO2), and ¹"5 K (TT-
Na3ONO2). The re"nement conditions and standard R fac-
tors are given in Table 2, the observed and calculated
di!raction patterns are depicted in Fig. 4.

Crystal Structure of T-Na3ONO2

The tetragonal unit cell of T-Na3ONO2 can be derived
from the cubic cell of H-Na3ONO2 by the transforma-
tion:

A
a
b
cBT+A

1 11 0
1 1 0
0 0 1B ) A

a
b
cBH
The observed re#ection conditions (0kl : k"2n, 0k0: k"2n)
are consistent with the space groups P4bm (No. 100), P 41 b2
(117), or P4/mbm (127). Structure re"nement of T-Na3ONO2

converges quickly in space group P4/mbm (127). The "nal
positional parameters are given in Table 3. The unit cell of
T-Na3ONO2 is shown in Fig. 5.

In T-Na3ONO2 the nitrite ions are twofold orienta-
tionally disordered, which can be readily re"ned based
on a split atom model. The geometry of the nitrite ion
(r
N,O

"1.249 As ; (ONO"117.53) does not deviate princi-
pally from its geometry in NaNO

2
(r
N}O

"1.240 As ;
(ONO"114.93) (11), so that the nitrite ions in Na3ONO2

can be considered as rigid bodies keeping the same ge-
ometry when the temperature is lowered. The deviation of
the c/a-ratio (c/a"0.715) from a strictly cubic metric

(c/a"1/J2"0.707) is quite small, indicating that the
Na

3
O`-framework is but slightly distorted. Inspection of

the atomic parameters in Table 3 shows that the dis-
tortion of the framework can be attributed to a displace-
ment of the sodium ions at site Na2, which are shifted
from their &&regular'' positions at (1/4, 1/4, 1/2) toward the
oxygen atoms of the adjacent nitrite ions. Apparently,
the distortion of the framework is caused by attractive
interactions between sodium ions of the framework and
oxygen atoms of the nitrite ions. This displacement of the
Na` ions at site Na2 decreases the O}O distances of the
Na

3
O matrix in the a/b plane in comparison to the O}O

distances along the c axis, so that the cubic framework, and
thereby the crystal structure, transforms to a tetragonal
metric.

Crystal Structure of TT-Na3ONO2

The di!raction pattern of TT-Na3ONO2 has been in-
dexed in analogy to the tetragonal unit cell of T-Na3ONO2.
The additional superlattice re#ections in TT-Na3ONO2 (see
Fig. 1) are violating the re#ection condition (0kl: k"n),
while the condition (0k0: k"2n) survives. Thus, possible
space groups are P42

1
2 (No. 90) and P41 2

1
m (No. 113).

Structure re"nement converges in space group P41 2
1
m (No.

113). The "nal positional parameters of TT-Na
3
ONO

2
are

given in Table 4.
The structure of TT-Na3ONO2 is closely related to the

one of T-Na3ONO2. Both structures exhibit the same
twofold orientational disorder of the nitrite ions and
di!er only in the relative occupancy of these orientations.
While in T-Na3ONO2 each nitrite ion occupies the
two orientations with equal probability, in TT-Na3ONO2

the nitrite ion prefers one of these. By their preferred ori-
entation the nitrite ions induce a superstructure with the
resultants of the dipoles on each site aligned in an anti-
ferroelectric sense.



TABLE 2
Re5nement Conditions for the Three Structure Re5nements Presented

M-Na3ONO2 T-Na3ONO2 TT-Na3ONO2

¹"195 K ¹"125 K ¹"5 K

Global data
j (As ) 1.964 (1) 1.964 (1) 1.964 (1)
2h range (3) 6}155.85 6}155.85 6}155.85
*2h (3) 0.05 0.05 0.05
Zero shift (3) 0.156 (2) 0.169 (2) 0.147 (2)
Pro"le function Pseudo-Voigt Pseudo-Voigt Pseudo-Voigt
Pro"le parameters ;"0.134 (4) ;"0.113 (2) ;"0.109 (2)

<"!0.377 (11) <"!0.319 (6) <"!0.299 (6)
="0.357 (6) ="0.331 (5) ="0.322 (4)
g"0.114 (19) g"0.159 (15) g"0.159 (13)

Asymmetry parameter 0.0588 (63) 0.0857 (60) 0.0875 (53)
Number of re"ned parameters 27 25 27

Na3ONO2 related data
Space group I4/mcm P4/mbm P41 2

1
m

Weight fraction (%) 99.79 99.41 99.78
Re#ection number 67 69 79
Distance constraints 4 * *

Cell parameters (As ) a"6.49174 (12) a"6.46513 (7) a"6.45345 (6)
c"9.19415 (59) c"4.62382 (6) c"4.61973 (6)

R
B3!''

(%) 5.02 4.26 3.93

Na2O related data
Space group Fm31 m Fm31 m Fm31 m
Weight fraction (%) 0.21 0.59 0.22
Re#ection number 11 11 11
Cell parameter (As ) a"5.54756 (48) a"5.54123 (36) a"5.53622 (29)
Global B

*40
(As 2) !0.722 (608) !0.187 (412) !1.659 (421)

R
B3!''

(%) 11.8 9.50 11.6

Conventional Rietveld factors
R

P
(%) 19.9 12.7 11.9

R
WP

(%) 18.3 14.5 13.1
R

E9
(%) 12.20 10.98 8.61

s2 2.25 1.74 2.31
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Since the intensities of the superlattice re#ections in
TT-Na3ONO2 increase over a wide temperature range,
one can conclude that the reduction of the orientational
disorder of the nitrite ions is not achieved by a discon-
tinuous phase transition like those that have been observed
in many inorganic salts containing polyatomic ions (12),
but proceeds via a continuous order/disorder process.
The fully disordered state of this order/disorder process is
characterized by the disorder of the nitrite ions in T-
Na3ONO2 and the (hypothetical) totally ordered state is
characterized by an anti-ferroelectric alignment of the ni-
trite ions (Fig. 6).

The degree of order in TT-Na3ONO2 is de"ned by the
di!erence in the occupancies of the sites Na2, N1, O2 and
Na3, N2, O3 (Table 4), which can conveniently be expressed
by the order parameter Q:

Occupancy (Na2)"Occupancy (N1)

"Occupancy(O2)"(1#Q)/2

Occupancy (Na3)"Occupancy (N2)

"Occupancy (O3)"(1!Q)/2.

At a temperature of ¹"5 K the order parameter equals
Q"0.80 (Table 4).

Since the intensities of the superlattice re#ections I
SL

are
proportional to Q2, the order parameter as a function of
temperature can be calculated from I

SL
. Figure 7 shows the

measured intensity of the lowest superlattice re#ection



FIG. 4. Observed, calculated, and di!erence neutron powder di!rac-
tion pro"les of (a) M-Na3ONO2 (¹"195 K), (b) T-Na3ONO2 (¹"125 K),
and (c) TT-Na3ONO2 (¹"5 K). Tic-marks below the di!ractogram rep-
resents Na3ONO2 (top) and Na

2
O (bottom).

FIG. 5. Unit cell of T-Na3ONO2; origin shifted by (0, 0, 1/2).
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I
011

scaled to the intensity of the adjacent regular re#ections
(I

001
#I

110
) and, on a second axis, to the calculated values

of Q as a function of temperature. The two axes are linked
by the data point at ¹"5K where an intensity ratio of
TABLE 3
Positional Parameters and Isotropic Thermal Parameters

of T-Na3ONO2 (T 5 125 K)

Atom Site x y z B (As 2) SOF

O
1

2b 0 0 1/2 0.230 (42) 1
Na

1
2a 0 0 0 0.473 (66) 1

Na
2

4h 0.2320 (3) 0.2680 (3) 1/2 1.097 (56) 1
N

1
4 f 0 1/2 0.8823 (4) 1.183 (43) 1/2

O
2

8k 0.6168 (2) 0.1168 (2) 0.9775 (13) 1.471 (55) 1/2
I
011

/(I
001

#I
110

)"0.32 has been measured and an order
parameter of Q"0.80 has been determined by Rietveld
re"nement.

If the order parameter Q represents the primary order
parameter of the continuous phase transition T-
Na3ONO2PTT-Na3ONO2, it should be related to the re-
duced temperature (¹

C
!¹) by a power law (13):

QJ(¹
C
!¹)b.

The critical exponent b is characteristic for the type of phase
transition, and ¹

#
is the critical temperature at which the

superlattice re#ections appear. A reliable determination of
the critical exponent b is not possible due to the small
number of data points in the temperature range around ¹

C
.

Fitting the data points between 50K(¹(70 K yields
a critical temperature of ¹

C
"67.4 K and an exponent of

b"0.21. As shown in Fig. 7 the order parameter Q does not
converge to QP1 at ¹P0K. Obviously the system was
not in thermodynamic equilibrium at low temperatures, and
metastable, disordered states were preserved.
TABLE 4
Positional Parameters and Isotropic Thermal Parameters

of TT-Na3ONO2 (T 5 5 K)

Atom Site x y z B (As 2) SOF

O
1

2b 0 0 1/2 0.141 (39) 1
Na

1
2a 0 0 0 0.248 (62) 1

Na
2

4e 0.2286 (3) 0.2714 (3) 0.4965 (17) 0.675 (51) 0.901 (2)
Na

3
4e 0.2286 (3) 0.2714 (3) 0.5035 (17) 0.675 (51) 0.099 (2)

N
1

2c 0 1/2 0.1197 (4) 0.651 (35) 0.901 (2)
N

2
2c 0 1/2 0.8803 (4) 0.651 (35) 0.099 (2)

O
2

4e 0.6168 (2) 0.1168 (2) 0.0238 (6) 0.666 (40) 0.901 (2)
O

3
4e 0.6168 (2) 0.1168 (2) 0.9762 (6) 0.666 (40) 0.099 (2)



FIG. 6. The continuous order process in TT-Na3ONO2. The high-temperature limit of the order process (Q"0); unit cell of T-Na3ONO2

(67.5 K(¹(178 K), origin shifted by (0, 0, 1/2). (b) In the mediate temperature range of the order process (0(Q(0.8); the atoms on sites Na3, N2, and
O3 are depicted as gray spheres; unit cell of TT-Na3ONO2 (67.5 K'¹'5 K), origin shifted by (0, 0, 1/2). (c) The (hypothetical) low temperature limit of
the order process (Q"1).
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Crystal Structure of M-Na3ONO2

Based on a cubic unit cell with a cell constant which is
twice the cell constant of the H-phase all re#ections of the
M-phase can be indexed. Analysis of the re#ection condi-
tions leads to a face centered lattice (extinction symbol:
F} } }). It is, however, impossible to construct a reasonable
structure model based on a face centered cubic unit cell as
determined and it had already been suspected (4) that the
structure of the M-phase exhibits only cubic metric but not
cubic symmetry. Based on a detailed solid state NMR study
which will be published elsewhere, we have deduced a struc-
ture model of the M-phase with tetragonal symmetry (space
group I4/mcm). The unit cell is related to the cell of H-
Na3ONO2 by the transformation

A
a
b
cBM+A

1 11 0
1 1 0
0 0 2B ) A

a
b
cBH .
FIG. 7. The order parameter Q as a function of temperature in TT-
Na3ONO2.
The Rietveld re"nement was handicapped by the fact that
a large number of structural parameters had to be re"ned
while only a relatively small number of observed re#ections
had been recorded. The structural re"nement was per-
formed under the assumption that the H- and M-phase have
corresponding atomic positions. This means, that the nitro-
gen and oxygen split sites of the disordered nitrite ion have
a time-averaged symmetry m31 m, so that their spatial coordi-
nates could be described by three &&free'' parameters, one
parameter for the nitrogen sites N1}N3 and two parameters
for the oxygen sites O2}O7. Since the re"nement program
did not make it possible to apply linear combinations of
parameter codes, the spatial coordinates of the split sites O6
and O7 had to be described by two additional parameters.
A nearly octahedral arrangement of the oxygen atoms
O2}O7 was maintained by "xing the geometry of the nitrite
ion with two constraints: (1) the distance between nitrogen
and oxygen of the nitrite ion was "xed to r

N,O
"1.250 (5) As ,

and (2) the distance between the oxygen atoms was kept at
r
O,O

"2.135 (5) As . Using these constraints, the symmetry
break at the phase transition is solely caused by a di!erent
occupation of the atomic sites. The "nal positional para-
meters and isotropic thermal parameters are given in
Table 5.

Analogous to the order process in TT-Na3ONO2, the
nitrite ions in M-Na3ONO2 are subject to a continuous
order/disorder transformation with preferred orientations
for the nitrite ions. In the high temperature limit of the order
process (disordered state) the nitrite ions occupy 12 orienta-
tions with equal probability and the nitrogen (N1}N3) as
well as the oxygen split sites (O2}O7) are occupied equally
(Table 5). Over an intermediate temperature range the ni-
trite ions increasingly occupy 2 of these 12 orientations with
decreasing temperature. These two preferred orientations of
the nitrite ions are represented by the split sites N1 and O2
(Table 5). Finally, in the low temperature limit (ordered



TABLE 5
Positional Parameters and Isotropic Thermal Parameters

of M-Na3ONO2 (T 5 195 K)

Atom Site x y z B (As ) SOF

O
1

4a 0 0 1/4 0.730 (68) 1
Na

1
4c 0 0 0 1.528 (246) 1

Na
2

8e 1/4 1/4 1/4 1.641 (145) 1
N

1
8g 0 1/2 0.0483 (10) 4.900 (263) 0.386 (2)

N
2

8h 0.0493 (10) 0.5493 (10) 0 4.900 (263) 0.057 (2)
N

3
8h 0.0493 (10) 0.4507 (10) 0 4.900 (263) 0.057 (2)

O
2

16l 0.1161 (2) 0.6161 (2) !0.0195 (6) 2.064 (112) 0.357 (2)
O

3
16l 0.1161 (2) 0.3839 (2) !0.0195 (6) 2.064 (112) 0.029 (2)

O
4

16l !0.0195 (6) 0.4805 (6) 0.1161 (2) 2.064 (112) 0.029 (2)
O

5
16 l!0.0195 (6) 0.5195 (6) 0.1161 (2) 2.064 (112) 0.029 (2)

O
6

16k 0.0960 (12) 0.6364 (8) 0 2.064 (112) 0.029 (2)
O

7
16k 0.0960 (12) 0.3636 (8) 0 2.064 (112) 0.029 (2)
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state) only these sites are occupied corresponding to a two-
fold orientational disorder of the nitrite ion.

The degree of order is de"ned by the occupancies of the
split sites and can be described by an order parameter Q:

occupancy (N1)"(1#2Q)/6;

occupancy (O2)"(1#5Q)/12

occupancy (N2}N3)"(1!Q)/6;

occupancy (O3}O7)"(1!Q)/12.

Changing the order parameter from Q"0 to Q'0 breaks
the average point symmetry of the disordered nitrite ion. At
FIG. 8. The continuous order process in M-Na3ONO2. The high tempe
(¹'239.5 K). (b) In the mediate temperature range of the order process (0(
unit cell of M-Na3ONO2 (239.5 K'¹'178 K); origin shifted by (0, 0, 1/4).
an order parameter Q"0 the average symmetry of the
disordered nitrite ion is described by the point group m31 m,
at an order parameter 0(Q41 the point group is reduced
to 2/m 2/m 2/m. This symmetry break is re#ected by the
appearance of additional superlattice re#ections in the dif-
fraction pattern (M-phase-re#ections); i.e., the continuous
order process at intermediate temperatures takes place in
the M-phase of Na3ONO2. The H-phase of Na3ONO2 rep-
resents the disordered state of the order process (Q"0). The
low temperature limit of the order process is characterized
by a twofold orientational disorder of the nitrite ions; the
same kind of disorder is observed in ¹-Na3ONO2. However,
M- and T-phase di!er in the type of superstructure which is
formed by the nitrite ions. In the low temperature limit of
the order process the nitrite ions form a body-centered
tetragonal superstructure (space group I4/mcm); in T-
Na3ONO2, the superstructure is primitive tetragonal (space
group P41 2

1
m). Therefore, the T-phase of Na3ONO2 does

not represent the ordered state of the order process. The
described order process is illustrated in Figs. 8a}8c.

At ¹"195 K an order parameter of Q"0.65 was de-
duced from the results of a Rietveld re"nement. The meas-
ured intensities of the lowest superlattice re#ection I

211
(scaled to the intensity of the adjacent regular re#ection
I
202

) and the respective order parameter at di!erent temper-
atures are shown in Fig. 9.

Fitting the data points to the power law

I
SL
JQ2J(¹

#
!¹)2b

yields a critical exponent of b"0.28 (2) and a critical
temperature of ¹

C
"239.5 (6) K. The ordered state of the
rature limit of the order process (Q"0); crystal structure of H-Na3ONO2

Q(0.66); the atoms on sites N2, N3, and O3}O7 are "gured as gray atoms;
The (hypothetical) low temperature limit of the order process (Q"1).



FIG. 9. The order parameter Q as a function of temperature in M-
Na3ONO2.
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order process is not reached in the temperature range of the
M-phase (180}235 K) and the ordered state shown in Fig. 8c
is hypothetical.

The cubic metric of the M-phase (tetragonal symmetry)
can be understood by comparing the structures of the M-
and T-phase. In T-Na3ONO2 the tetragonal metric of the
structure is a consequence of a distortion of the Na

3
O`-

framework with the sodium ions at site Na2 undergoing the
largest displacement. These are shifted from their &&regular''
positions at (1/4, 1/4, 1/2) toward the nearest oxygen atoms
of the nitrite ions due to electrostatic interactions. Assuming
the same type of electrostatic interactions in M-Na3ONO2,
these can not distort the framework, since the electrostatic
forces acting upon the Na` ions compensate each other
because of the body centered arrangement of the nitrite ions.
This is illustrated in Fig. 10, which shows the coordination
of the sodium ions at site Na2 in T-Na3ONO2 and in the low
temperature limit of M-Na3ONO2.

Symmetry Relations

The symmetry relations between the space groups of the
di!erent phases of Na3ONO2 are consistent with the occur-
FIG. 10. The coordination of the sodium ions on site Na2 (a) in
T-Na3ONO2 and (b) in the low-temperature limit of M-Na3ONO2.
rence of two continuous and one discontinuous phase
transition. A group}subgroup relationship, which is a pre-
requisite for continuous phase transitions, exists between
the space groups of the H- and the M-phases as well as
between those of the T- and the TT-phases. Due to the
reduction of the unit cell during the transition between M-
and T-phases no group/subgroup relationship can be found
for the space groups of the two latter phases. The symmetry
breakings, which are accompanied by the two order pro-
cesses in Na3ONO2 can be analyzed in terms of Landau
theory. According to Landau theory (13, 14) the structural
changes at a continuous phase transition transform like an
irreducible representation (active representation) of the
high-symmetry space group, which has to ful"ll several
criteria concerning the symmetry (Landau/Lifshitz condi-
tions). According to the tables of Stokes and Hatch (14),
which contain the isotropic subgroups of the 230 space
groups and the irreducible representations connecting them,
the active representation of the phase transition H-
Na3ONO2%M-Na3ONO2 is R~

3
and the phase transition is

classi"ed as &&improper ferroelastic.'' The active representa-
tion of the phase transition T-Na3ONO2%TT-Na3ONO2 is
!~
2

which corresponds to a &&ferroelastoelectric'' phase
transition. Both phase transitions are allowed to be continu-
ous in Landau theory and in renormalization group theory.

SUMMARY

The investigations described in this paper reveal unique
and complex order/disorder phenomena for the nitrite
ions in Na3ONO2. With decreasing temperature, the ori-
entational disorder of the nitrite ion is reduced by two
continuous order processes and one discontinuous phase
transition.

In the high-temperature modi"cation (H-Na3ONO2) the
nitrite ion exhibits a 12-fold orientational disorder. With
decreasing temperature (in the temperature range of the
M-phase), the disorder is reduced in a continuous order
process during which the nitrite ions occupy 2 of the 12
orientations with increasing probability. In their preferred
orientations, the nitrite ions form a body-centered tetrag-
onal superstructure while the metric of the M-phase remains
cubic within the limits of experimental error.

This continuous order process is interrupted by a discon-
tinuous phase transition at ¹"178K, during which the
orientational disorder of the nitrite ion is reduced to a two-
fold disorder in the T-phase and the body centered tetrag-
onal superstructure of the M-phase is converted to
a primitive tetragonal superstructure. The two orientations
are occupied with equal probabilities until upon further
decrease of the temperature one of them is preferentially
occupied in a second continuous order process (TT-phase).
In their preferred orientation, the nitrite ions show an anti-
ferroelectric alignment of the dipole moments.
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The two continuous order processes can both be de-
scribed by a respective order parameter. These order para-
meters, which are de"ned on a microscopic scale, represent
the primary order parameters of two continuous phase
transitions which accompany the order processes. A more
detailed characterization of the phase transitions including
theoretical models like the Landau theory or the Potts
model (15) would require an exact determination of the
critical exponent b. Future experiments will therefore be
directed toward measuring additional datapoints, especially
in the region of the critical temperatures.

With elastic di!raction techniques it is not possible to
distinguish static from dynamic disorder phenomena, be-
cause the measured patterns are averaged over space as well
as over time. However, solid state NMR measurements on
M-Na3ONO2 have shown the disorder to be dynamic. Re-
sults of these studies will be published elsewhere.
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