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Microscopic Model of NaNO2 Based on Reorientations and Translations
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Starting from an atomistic sterical hindrance potential, translational and orientational
motion of the NO2 group in. the deformable lattice are described. The reorientations of
the NO2 group in the paraelectric phase occur essentially by rotations around the crystal-
lographic c axis, in agreement with slow or zero-frequency experiments. It is explained

why high-frequency optical methods lead to the incorrect conclusion that reorientations
take place around the a axis. The collective interaction of translations and rotations is
d&scussed.
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Since the discovery of ferroelectricity' in NaNO„
this substance has been the subject of numerous
investigations. ' Neutron' and infrared' data indi-
cate the absence of soft phonons in the region of
the ferroelectric transition. This distinguishes
NaNQ, from displacive ferroelectrics. ' The
changes in the ferroelectric fluctuations" occur
far more slowly than the lattice vibrations. Cri-
tical behavior was also found in x-ray diffuse
scattering. ' Although an Ising model can be used
formally to describe the right and left positions
of the N3, group along the crystallographic b
axis (see, e.g. , Ref. l), it does not give much in-
sight into the dynamics on a microscopic level.
Stimulated by a discussion with Dolling, we have
undertaken the construction of an atomistic model
which combines the local-mode lattice-dynamical
and order-disorder aspects in a unified way.

Our dynamical variables are first the displace-
ments of both the Na ions and the rotation centers
D of the NO, groups. Secondly, each NO, group
is treated as a rigid body ("molecule" ) having full
orientational freedom. Inspection of the lattice
parameters' as well as of the ionic radii of all
particles shows that the available space for each
NO, molecule surrounded by the cage of six Na
ions in the paraelectric phase is sterically re-
stricted. Figure 1 shows the scale of dimensions
along the b axis. In analogy with previous work'
on KCN, we describe the interaction of a NO,
group at lattice site n with a Na ion at site n' in
nearest-neighbor position (n.n. ) by a sum of-three
Born-Mayer potentials:

V(n, n') = P C, exp{-C,
~
R[n(l ) ] —R(n')

~ ). (1)

R[ n(l )]= X(n) +u(n, D) + r(n, l ),
R(n') =X(n') +u(n', Na) .

(2a)

(2b)

Here X(n) denotes the ecluilibrium positions of D
and Na in the orthorhombic lattice. The transla-
tional lattice displacements are denoted by
u(n&'l, x), where K=D or Na, respectively. Final-
ly, r(n, I ) accounts for the positions of the atoms
N, O, O relative to the rotation center D. One
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FIG. 1. The NO2 molecule and two Na ions along
the b axis, distances SD = 0.26 A, DN = 0.21 A, and
bp/2= 2.85 A.

For a given position R(n) =X(n) +u(n, D) of the ro-
tation center D of the NO, molecule, the l sum
runs over the three constituting atoms, say k= 1

N, l =2 —O', and l =3 —0 . The plus and
minus indices are used only to distinguish the two

0 atoms. Explicitly
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FIG. 2. SinSingle-particle potential V for ~ =
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(7)Vr" =Q V '~(n) = g u; (r)Y (n)[u;(n', Na) —u, (n, D)].
n n, n'

Here the vector v stands for X(n') —X(n), the ex-
pansion coefficients v,. from a. 3 x4 matrix (i =x,
y, z), and Y„, with o. =1-4, labels the symmetry-
adapted functions cosy, sing, sin2y, and cos2cp,
respectively, with y -=q&(n). The symmetry-
adapted functions Y (q) are the dynamic varia-
bles of our problem. Note that the crystal-field
term (8) is invariant with respect to reorienta-
tion (@=0'-@=180'). Qn the other hand, Y',

takes the values +I while F, =0 for these two ex-
treme positions. For an arbitrary rotation
around the c axis, Y, @=1 and 2, are the two
components of an orientational-order parameter.
The Ising spin description is recovered as a par-
ticular case of our description. Vfe can show that
the variable sin2@ couples to shear motion and
affects the elastic constant c«. The components
Y, n = 3 and 4, are not relevant for the ferro-
electric and antiferroelectric phase transitions.

Expression (7) constitutes the bilinear interac-
tion between translational and rotational motion.
In order to study the nature of this coupling, we
separate the matrix 6(T) into a symmetric and an
antisymmetric part,

there appears also no softening of the optical
modes in the neutron experiments. '

Introducing Fourier transforms of the lattice
displacements, u(n ', z) =(Nm~) 'Pqu(q, ~)
&& exp[fq X(s ', x)], where N denotes the number
of unit cells, we consider the six-dimensional
space of displacements (uz(q)]= (u, (q, Na),
u, (q, D)), i, j=l-3. Here p=1-3 and p=4 —8
label, respectively, the displacements of the Na
and the NO, ions. Retaining only the coupling to
the order parameter (o =1, 2) in the bilinear in-
teraction (7), we can write

V, ,r"=pe~'(q) Y t(q)up(q),
q

with summation over repeated indices n and p.
The matrix 5'(q) is given by the transpose of

(m, ~ 6'(q) —m '~' 6'(q= 0)), (10)

with u„,'(q) =g",~ (~) cos(q ~ ~). The function
Y„t(q) is given by N ~'P-„Y„e px[ —iq.X(n)].

The bilinear interaction (9) leads to an effec-
tive interaction V=-gYCY between reorienting
NO, groups. Here C =eM '&, where M is the dy-
namical matrix of the unperturbed phonons. This
lattice-mediated interaction is relevant in addi-
tion to dipolar forces if one wants to study the
phase transitions in NaNO, . A detailed numer-
ical study is being carried out at present.

The authors acknowledge discussions with
F. Denoyer, G. Dolling, H. Grimm, H. Happ,
and V. Heine.

6(T) =6'(7) +6'(T), (8)

with 6'(7) =6'( T) and 6-'(w) = 6'( r) -Fr-om .sym-
metry arguments it follows that 6'(7) possesses
only nonzero elements coupling to 7, o. =1 and 2,
i.e., to the order-parameter components, while
6'( )h~as only nonzero elements for n =3 and 4.
In addition we find that in the long-wavelength
limit (q-0), the coupling 6'(7) is different from
zero only for optical phonons while 6'(v) corre-
sponds to a coupling to acoustical phonons.
Therefore in the long-wavelength limit the order
parameter does not couple to acoustical phonons.
This explains the absence of any acoustical soft
mode in the experimental results. "On the other
hand, since the ferroelectric fluctuations are
several orders of magnitude slower than the opti-
cal vibrations, we are in the slow relaxation
regime as far as the coupled dynamics of trans-
lations and rotations is concerned. " Therefore
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metry-adapted functions cosmic, since, where m and n are integers.
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V"=Q V'(n) =Pc, cos[ 2y(n)].
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Here we have dropped an irrelevant angle-independent term. Numerical calculations show that the
series converges well with m =2; therefore we retain only cos2y.

Expanding the first-order term (5), we obtain
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