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The temperature behavior of the TO-phonon frequencies and line shapes in NaNO,, as ob-
served by Raman spectroscopy, is reported for temperatures from 20 to 250 °C. The Raman
spectra of the ferroelectric phase obeyed the selection rules of the C%% spacegroup. In the
paraelectric Raman spectra, extra resonances (six instead of the expected three) were found.
This anomaly and accompanying line asymmetries are accounted for by recognizing the effect
of the nitrite~ion disordering along the b axis upon lattice states. Additionally, in the para-
electric Raman spectra [polarized and (bc)], a redundant appearance of the symmetric internal
vibrations was observed, from which we conclude that above the phase-transition temperature
there is a large torsional oscillation of the NO,™ ion about the @ axis. Significantly, the libra-
tional frequency associated with this torsional oscillation softened at key temperatures, the
temperatures at which long~ and short-range orders are lost. From our data, we conclude
that the nitrogen atom jumps between two equivalent lattice sites by the flipping of the nitrite
ion about the a axis, and we suggest that temperature-dependent coupling between normal modes
precipitates this flipping. A careful search of the Raman spectra 3 em™! from the frequency
of the incident laser revealed no “Cochran” soft modes or supernumerary modes, such as a
dipole wave, that might explain the ferroelectric phase transition in NaNO,.

L. INTRODUCTION

In recent years, progress has been made in re-
lating the phase transition in displacive ferroelec-
trics (i.e., BaTiOs;,! SrTiO,, % etc.) to a softening
of an optical transverse mode (proposed by
Cochran®), as a ferroelectric phase-transition tem-
perature is approached. The possibility that a soft-
mode theory explains order-disorder ferroelectric
transitions is controversial, and little experimental
evidence has been found to justify this conjecture.
In a simplified approach, * the ferroelectric transi-
tion in NaNQ, is an order-disorder phase transition,
marking sodium nitrite as an object for analysis in
respect to order -disorder soft modes as well as
other transition mechanisms. It is the paraelectric
phase of NaNO, that is disordered. The nitrogen
atom of the NO," ion appears to randomly jump to
either the “left” or the “right” of the ac crystallo-
graphic plane.®® This constitutes a twofold direc-
tional disordering of the intrinsic NO,~ dipole, which
parallels the bisector of the O—N—O angle and
points to its vertex. In the ferroelectric phase,
which is the ordered phase, there is an ordered
unidirectional alignment of the NO," dipole, accom-
panied by a displacement of the Na* ions along the
b axis.

Sodium nitrite has excited extensive scientific
investigation, since the discovery of its phase tran-
sition by Sawada ef al. in 1958.% An incentive to
perform research upon NaNO, has been the simple
crystalline structures of the ferroelectric and para-
electric phases. Understanding the ferroelectric

phase transition in NaNO, should lead to unraveling
more complicated transitions. There have been
numerous studies of the spontaneous polarization
and dielectric constants.®™ % An infrared analysis
of sodium nitrite at room temperature has been
done by Axe.!! In addition, infrared experiments
by Sato et al.,? Vogt et al.,*® and Barnoski and
Ballantyne'* have provided useful temperature -de -
pendent information about lattice states. Recent
discussion of room-temperature Raman spectra
may be found in articles by Tsuboi et al. and
Hartwig et al.'® There has been temperature-de-
pendent analysis of NaNO, with Raman spectroscopy
by Chisler and Shur!? and Gorelik et al, 8

The research reported in this paper supplements
previous studies of NaNO, and extends the Raman
survey of the crystal by a comprehensive Raman
investigation of the temperature-dependent resonant
frequencies of all the normal modes, an analysis
of the temperature-dependent phonon line shapes,
and an interpretation of the temperature -dependent
Raman selection rules. We have found that the
Raman spectra of the ferroelectric phase can be
explained with the space symmetry group C2% ' for
NaNO,. However, if the DZ space-group symme-
try® were used to explain the Raman spectra of the
paraelectric phase, there were startling discrep-
ancies. We point out that understanding of the para-
electric Raman spectra must incorporate the in-
validity of the selection rules constructed from the
D?, symmetry, because both the crystal’s disorder
and a significantly large oscillation of the nitrite
anion in the ¢ crystal plane introduce spectral
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violations.

In our research we have also focused upon under-
standing the mechanisms associated with the jumping
of the nitrogen atom between equivalent lattice sites
and the movement of the Na* ion, both of which es-
tablish the paraelectric phase. Specifically, we
looked for soft modes and additional low-frequency
structures (<10 cm™) that might indicate the pres-
ence of supernumerary modes, such as vibrational
tunneling, rotational tunneling, or a collective dipole
wave (a mode similar to spin waves in magnetic
crystals). Pertinent to the phase-transition mech-
anism in sodium nitrite, we have uncovered an in-
ferred coupling between translational and librational
phonons, a potential barrier decrease for the rota-
tion about the a axis, and an unusually large torsion-
al oscillation of the nitrite ion about the ¢ axis in
the paraelectric phase. From this, we conclude
that the jumping of the nitrogen atom, which con-
tributes to the phase transition and accounts for the
disorder in the paraelectric phase, occurs by the
flipping of the nitrite ion about the a crystallograph-
ic axis.

II. CRYSTAL STRUCTURE AND LATTICE DYNAMICS

At room temperature, the Bravais lattice of
NaNO, (Fig. 1) determined by x-ray studies®’? is
body-centered orthorhombic (CZ, space symmetry)
with one formula unit per primitive cell. The spon-
taneous polarization (parallel to the » axis) has two
contributors: the unit-cell dipole moment, estab-
lished by the positions of the Na* cation and the NO,
anion in the unit cell, and the intrinsic dipole mo-
ment of the NO,™ anion.

The transition from the ferroelectric phase in
NaNO, to the upper-temperature nonpolar disordered
phase is complicated, occurring in two steps at
atmospheric pressure: the Curie temperature, 7T,
=163 °C, and the Néel temperature, T, =164 °C,2>-%
Above T a ferrielectric (antiferroelectric)sinus-
oidal modulation of the aw)erage dipole moment
appears in the a crystallographic direction. At
temperatures above Ty the crystal is paraelectric,
gaining a statistical mirror plane ac. The nitrite
ion can now point in either direction along the b
axis, and the sodium ion has centered itself on the
unit-cell edge parallel to the » axis.®® X-ray
analysis has assigned an orthorhombic space-group ‘
symmetry, D&, %% (Fig. 1) to this nonpolar phase,
which describes the crystal until the melting point
at Ty =271 °C. Again, there is one molecule in the
primitive cell.

The narrow temperature phase between 7. and
Ty was not studied by this research because the
temperature resolution of the equipment was
+0.75°C. Therefore, the phase-transition tem-
perature discussed in the paper is that of the com-
bined transition.

The primitive cell of sodium nitrite in both phases
contains four atoms. Thus, the lattice modes have
nine optical and three acoustical branches. In the
ferroelectric phase, the optical modes have the
following irreducible species®:%;

3A,(aa, bb, cc):b+1Aac)
+3By(bc) :c +2Byab):a . (1)

The a, b, and c refer to the conventional NaNQ,
biaxial axes (Fig. 1). The Raman tensor elements
are given inside the parentheses in short notation,
and the polarization direction of the polar modes is
indicated by the letter behind the colon. Eight
modes in the ferroelectric phase are both Raman
and infrared active, and a TO-LO splitting is ex-
pected. At temperatures above Ty, the DZ space
symmetry of the nonpolar phase implies that the
optical normal modes separate into the following
irreducible representations®%;

1A,(aa, bb, cc)+1By,lac) +1 Byylbc)
+2By, b +2By:a+2Bg:c . (2)

The DZ space symmetry group has a center of
symmetry, preventing any simultaneous Raman and
infrared activity. The disappearance of six lines
from the Raman and two from the infrared spectra
are therefore anticipated when the crystal’s tem-

FIG. 1. Unit cells of NaNO,. The atoms shown with
the solid circles represent atomic positions in the ferro-
electric phase (C3}). The dashed circles correspond to
the paraelectric phase (D%,‘:’), where the nitrogen atom re-
sides in two possible positions, the sodium atom is centered
on the b edge, and the oxygen atoms remain fixed. (Di-
mensional changes of the unit cell have been omitted.)
The shaded atoms are intheplane, } of a lattice spacing
in the a direction.
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TABLE I. Temperature correlation chart.

Expected change
in Raman-active

Expected change in
infrared-active

resonances resonances

oty ok B ok
3:4,~1:4, (aa, bb, cc) 3 Ay—2 By,
l:AZ_.l:Blt (aC) 3B1—’233u
3231"1232‘(b0) 2B2"2 Bzu

2232_’0133‘ (ab) 8 — 6

9—3

perature is above Ty. The correlation chart in
Table I maps the symmetry elements of the cZ
symmetry into the high D?j, symmetry, showing the
expected changes in the Raman scattering, while
using the different Raman polarization filters [po-
larization orientations (aa), (bc), etc.]. The atomic
motions corresponding to the various irreducible
species are shown in Fig. 2.% The normal modes
consist of three internal vibrations (movements of
only the atoms in the NO,™ ion) and six external vi-
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brations (movements of the nitrite ion and the sodi-
um ion, as if they were point masses).

Il. EXPERIMENTAL TECHNIQUE

The frequencies and linewidths of the lattice
modes of NaNO, were investigated using the Raman-
scattering technique. The temperature dependency
of the Raman-observable TO frequencies and line-
widths was followed from 20 to 250 °C. The char-
acteristic frequencies were chosen to represent
peak heights of the scattering, and the linewidths,
to represent the separation of the frequencies at the
half-height intensities. (Linewidths were corrected
for spectrometer broadening, and spectra with
merged resonances were computer analyzed for
linewidths and resonant frequencies.) Temperature-
hysteresis effects were not included in the study;
only data obtained from heating the crystal were
used. The scattering configurations used to trace
the different symmetry modes as a function of tem-
perature are shown in Fig. 3. The propagation di-
rections and polarizations of the incident light were
such that birefringence could not produce ambiguous

o

e

0 /
TRANSLATION SYMMETRIC STRETCH
A4

LIBRATION

v

LIBRATION AND TRANSLATION
B4

\

SYMMETRIC BEND

FIG. 2. Normal modes for ferro-
electric NaNO,, The vectorial arrows
indicate only qualitativity, not quanti-
tatively, atomic motions.
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c(ba)b
B, TO

a(bc)a

results.

The TO modes of the By, B, and A; symmetry
phonons and the A, nonpolar mode were seen in both
backscattering and right-angle-scattering geome-
tries, providing a check on their eigenfrequency in-
variance. The A, LO values were seen in both
backscattering and right-angle geometries. Obtain-
ing the LO frequencies of the B; and B, irreducible
symmetry modes was not straightforward, such
as the Raman tensors would seem to indicate. The
frequency difference between the incident and Stokes
scattered light and the biaxial nature of the crystal
forced mismatches in wave-vector conservation
(K, =K+ K, nun) that did not allow direct observa-
tions of the salient LO phonons. Only the “oblique”
phonons could be detected, and they present a range
of frequencies consistent with their angular disper-
sion. (The LO frequencies of the B; and B, symme-
try phonons have been found by such angular disper-
sion measurements, as described in Ref. 16, which
contains a thorough discussion of the “oblique” -pho-
non phenomena.) Because there was great difficulty
in obtaining the LO frequencies, and because all of
the useful phase-transition information should have
been reflected in the TO-mode behavior, only the
temperature behavior of the Raman-active TO modes
was observed.

To look for a possible softening of an optical mode
or anomalous collective mechanisms, the Raman
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FIG. 3. Raman-scatter-
S ing diagrams for NaNO,.
These scattering geometries
will detect all the TO modes,
the A; (LO) mode, and the
A, mode. The small arrows
give the directions of the
electric and ionic polariza-
tions.

c(ba)é
B, TO

spectra were extended to 3 cm™ off the laser line.
An iodine filter, 2 which absorbs the single -moded
5145-A laser line, reduced the background Rayleigh
scattering by about 500, when slits 100 u wide were
used in the spectrometer. These proximity scans
were run at temperatures both above and below the
transition temperature.

The 5145- and 4880-A lines of the CRL model No.
52 argon-ion laser were used to irradiate the crys-
tal. The scattering light was collected and put into
a Spex model No. 1401 double spectrometer, using
an ITT 130 photomultiplier and conventional dc re-
cording. A Marshall tubular furnace and Norton
controller were used to stabilize temperatures
across the crystal to within +0.75 °C. No attempt
was made to study the extremely narrow ferrielec-
tric (antiferroelectric) phase between 163 and 164 °C
because of this temperature resolution. The tem-
perature was monitored by a chromel-alumel ther-
mocouple, which was pressed against the crystal.

The crystals of NaNO, were grown from the melt.
Anisotropic thermal-expansion coefficients® can
cause cracking of the crystal, as it attaches to the
crucible surface during temperature changes;
therefore, the crystal was pulled out from the melt
before it reached the walls and was immediately
cleaved along the (101) and (107) planes.® Large
single crystals with faces perpendicular to the crys-
tallographic axes were then cut out and polished.
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Twinning perpendicular to the ac crystallographic
plane® produced domains in these crystals. [The
twinning merely introduces an inversion symmetry
(b~ —b), which does not affect the polarization se-
lection rules. Additionally, as the domains have
dimensions much larger than the wavelengths of the
radiation, 3 wave-vector conservation is also still
applicable. | The orientations, checked with x rays,
were to within +1°. The orientational error of
placement in the furnace was +3°.

IV. RESULTS

Spectra of the room-temperature Raman scatter-
ing from the TO and LO modes of 4, symmetry,
from the mode of A, symmetry, and from the TO
modes of B; and B, symmetry, are shown in Fig. 4.
The A, mode is very strong and appears in almost
all of the spectra because of the large solid angle
of the collecting optics. The Raman spectra of
NaNO; in its ferroelectric phase show only seven
of the eight TO-LO frequency pairs predicted to be
Raman active from group-theory considerations.
Neither the TO or the LO of the lowest frequency
mode of the A, representation (194-cm™ TO fre-
quency) could be directly detected. However, for
the first time Raman spectroscopy was able to mea-
sure the LO frequencies of the modes of the B, and

B, symmetry. The angular dispersion of mixed
modes, “oblique phonons,” was measured in the ac
crystallographic plane by Raman scattering (Fig.
5).%2 As explained in our earlier publication, '® this
angular dispersion is accurately characterized by

3 - nk 2 2

27 afeq 11 &%&;ﬁ =0,

k=1 =1 Wi —Wg

(3)

where d is the phonon propagation direction, n,is
the unit vector parallel to kth crystallographic axis,
a,=19q-1,/q, €., is the optical permittivity, »*is
the number of modes with polarization parallel to
the kth axis, w;, is the TO frequency of the jth
mode, whose polarization is parallel to the kth axis,
w;,(LO) is the LO frequency of the jth mode, where
polarization is parallel to the kth axis, and wy is the
frequency of phonon propagating in the q/¢ direction.
The limiting frequencies of the angular dispersion
occurring for phonon propagation directions along
crystallographic axes are TO and LO values. Mea-
sured dispersion data in the ac crystallographic
plane were fitted with Eq. (3) by adjusting the un-
known LO frequencies of the B; and B, modes.
Figure 5 shows the measured angular dispersion in
the ac plane and the expected dispersion in the ab
and bc planes (the TO and LO frequencies of the A,
translation mode were taken from infrared data'!'!%),
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FIG. 5. Angular dispersion in NaNO, (Ref. 32). Phi is the angle between § and the ¢ axis, § and the ¢ axis, and §
and the b axis for phonon propagation in the ca, ab, and bc crystallographic planes respectively. The plot in the ac plane
has been experimentally confirmed (Ref. 16).

These uniquely determined LO frequencies, along expected three) retain sufficient scattering strength

with our other Raman-found TO and LO frequencies to be seen in the paraelectric phase. The two

for the ferroelectric phase, are compared in Table modes that disappear [labeled B, (translation) and

II with previous infrared and Raman results. B, (translation)] exhibit a gradual decrease of scat-
The effects of heating upon the frequencies and tering strength and merge into adjacent modes, as

linewidths of the Raman-observable modes in NaNO, the transition temperature is approached (Figs. 7

are shown in Fig. 6 (the internal modes) and Fig. and 8). All lines, except the eigenfrequencies of

7 (external modes). Surprisingly, the data show the A, (libration), are affected by the phase transi-

that six of the eight observed lines (instead of the tion. The temperature history of the line that is
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TABLE II. Resonant frequencies (cm-!), dielectric transition strengths, and static permitivities in NaNO, at room tem-~
perature. The full linewidths at half-peak intensity are inclnded for the TO lines and labeled 3o (the damping constant).

Dielectric
Infrared Raman Raman transition
Ref. 11 Ref. 14 Ref. 17 Ref. 15 strengths®
TO LO TO LO TO LO TO LO TO LO YTO Sk
194 269 186.8 e oo ces e ‘e e ces oo 2.085P
Ay 826 829 825.3 vee 825 oo 830 e 827.5 829 1.5 0.0715
1323 1336 1320.5 oo 1327 s 1323 e 1326 1328 7.5 0.0041®
142 eoe v e es e see 119 e 117 cee 119.5 eve 10 0.000
157 163 150.9 see 153 sen 158 oo 154 165 '8 1.519
By 188 «250 180.7 s 177 s 191 s 184.5 236 15 1.420
1235 1368 1227.3 e 1280 s 1230 LA 1225 1356 14 0.608
B 149 193 145.7 s s oo s 149.5 201 16 2.085
2 223 261 231.7 see 220 see 223 o 227.5 254 1 25 0.178
€§=4.10 eb=4.20° €§=6.27

2Calculation was made with Eq. (5) from Ref. 16, using the values of this work.
PCalculation uses the three LO and TO frequencies of the external mode (194--TO) from Ref. 11.
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identified as the libration about the a axis of the B,
irreducible species is of special interest. This
state’s TO frequency definitively softens near two
critical temperatures, the phase-transition tem-
perature and 178 °C, a temperature that has been
suggested by Hoshino and Shibuya? and Takagi and

Gesi®® as delineating the onset of the short-range
order loss in sodium nitrite. These softenings
must accompany a decrease of the potential hill
separating the two orientational states of the nitrite
ion in this rotational coordinate. Once softened,
this frequency [B; (libration)] remains at its lower
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FIG. 8. Raman scattering from the B; phonons (libra-
tion about the a axis and translation along the ¢ axis) as
a function of temperature. The asterisk indicates orienta-
tional spillover of scattering from the A, phonons. At
higher temperatures this scattering, plus the temperature-
enhanced Rayleigh scattering, contributes to the large
scattering intensity seen on the low-frequency side of the
libration.

value throughout the paraelectric phase, in contrast
to the frequency of the B, (libration) (Fig. 7).
Figures 8 and 9 present the temperature depen-
dency of the line shapes of three of the Raman-ob-
servable resonances. Figure 8 shows the line-
shape changes of the modes, which are assigned
the character of the libration about the a axis and
the translation along the ¢ axis, two modes whose
irreducible species are the same in the ferroelec-
tric phase. An important observation about this
data is the increasing overlapping of these two lines
as the phase-transition temperature is approached
(temperature-dependent reflection data exhibit
similar overlapping!?). The high-frequency reso-
nance in Fig. 5, in addition to being absorped by
the lower-frequency resonance, exhibits an inte-
grated scattering decrease as the temperature in-
creases; it becomes undetectable shortly before
T.. This is also true of the resonance labeled B,
(translation) in Fig. 7. In Fig. 9, the temperature
dependency of the lattice states of the symmetric
stretch is shown. The characteristic asymmetry
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that appears in the paraelectric phase for this mode
is seen for all the internal modes. ‘

As stated previously, only three distinct lines
were expected to be seen with the various Raman
filters in the paraelectric phase. Figure 10 shows
typical Raman spectra of the paraelectric phases
and Table IN lists the Raman-distinguishable fre-
quencies in the paraelectric phase. These data
show an anomalous appearance of six, rather than
three, characteristic frequencies. The second strik-
ing anomaly in the spectra is the detectability of the
symmetric stretch (821 cm?) and the symmetric
bend (1328 cm™) in the depolarized (bc) spectra, as
well as in the anticipated polarized spectra.

V. DISCUSSION

The discussion of the Raman data is divided into
three parts, commensurate with the crystalline
temperature regimes in the crystal: the ferroelec-
tric phase, the paraelectric phase, and the phase
transition.

A. Ferroelectric Phase

Interpretation of our Raman data from NaNO, is
only in agreement with the group-theoretical pre-
dictions based on CS‘{, space-group symmetry with
one molecule per unit cell, thus confirming its use
with sodium nitrite (Table II). The absence of the
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FIG. 9. Raman scattering from the symmetric stretch

as a function of temperature.
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lowest-frequency A; symmetry mode (TO 194 cm™,
as seen in infrared observations!!'!%) from Raman
detection does not contradict this conclusion. Its
absence in the Raman spectra simply implies a
very weak Raman coupling. A unique aspect of our
experimental data is the LO frequencies of the B;
and B, modes, which were found by the indirect ob-
servation of the angular-dispersion curves. These
angular -dispersion measurements point out, by the
way, that in evaluating Raman or infrared spectra
from anisotropic crystals, one must be cognizant
of the scattered-phonon propagation direction. In
essence, a new symmetry element is introduced for
a crystal when an infrared-active mode propagates
along other than a crystallographic direction; this
spoils the applicability of the selection rules based

on a static crystal structure (see Ref. 16 for a more

complete discussion). Also presented in Table II
are the static permittivities €f; ignoring damping,
they are calculated from the generalized Lyddane-
Sachs-Teller (LST) relation®® or from the induced

dielectric strengths S%,'¢

nk R
& _ Tty A L/,
i-,{{(*—wn ) 1+§1s,/<,,. 4)

The values of the dielectric constants determined
from our Raman-spectral data are lower than those

reported in the MHz region, % but they are in agree-
ment with the values determined from the infrared
measurements, 114

B. Paraelectric Phase

Raman spectra for sodium nitrite in the paraelec-
tric phase, based on the D% space-group symmetry
with one molecule per unit cell, was predicted to
be easily interpretable with only three resonances.
The understanding of our Raman data, however, was
complicated by the appearance of extra resonances,
asymmetric line shapes, and the redundant appear-
ance of internal resonances.

In accordance with group-theoretical calculations
for the average DZ space-group symmetry of the
disordered phase of sodium nitrite, only three

TABLE III. Raman-observed frequencies in the paraelec~
tric phase of NaNO, at around 200 °C.

Second-~ Raman-observed
Irreducible rank frequencies
species tensor (em=1)
A‘, aa, bb, cc 821 1328
By, ac 108
By bc 120.5 821 1251 1328
B3‘ ab 215
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resonances were to remain Raman active at tem-
peratures above Ty. After extensive reexamination,
however, we concluded that there were six, not
three, distinguishable frequencies in our Raman
spectra (Table III). We have reevaluated the use
of the DZ space symmetry group for the Raman-
selection-rule determination and have concluded
that the reason for the superfluity of the Raman-
detectable lines is the misuse of the x-ray-deter-
mined crystalline symmetry to describe the Raman
scattering. X-ray scattering measurements are
time averaged and include scattering from the entire
specimen. Although x-ray spectroscopists are
aware of disorder through diffuse scattering, this
average scattering is insensitive to the temporal
and spatial disordering occurring in microdomains
within the sample. It is just this average scattering
that is matched by the D2 symmetry group. Raman
and infrared spectroscopy, however, sample across
a disorded microdomain. Because these processes
interact at time rates faster than the expected
flipping rate of the disordering (10"** sec com-
pared to 107! sec),3® Raman and infrared spec-
troscopy can instantaneously observe these disor-
dered microdomains. The disordered instantaneous
microdomain has no real center of inversion, and,
hence, all the modes that are affected by this dis-
ordering will be both Raman and infrared active.®’

The appearance of (i) the two internal frequencies
(821 and 1328 cm™) instead of one in the polarized
spectra, (ii) the internal frequency (1251 cm™)
in the (bc) spectra, and (iii) the libration about the
¢ axis (215 cm™) in the (ab) spectra (Fig. 10) may
thus be explained by the nitrite-ion disordering. In
fact, the normal modes of the DZ space-group
symmetry do not even include the libration about
the ¢ axis. With the D2 space group, the NO,” ion
has to be depicted as linear along the ¢ axis to match
the average x-ray scattering, thus exluding the li-
bration about the ¢ axis as a mode possibility. The
frequencies of 1251 and 215 cm™ were not to be seen
in the paraelectric phase; they account for two of
the additional unexpected resonances. The third
additional resonance is either 821 or 1328 cm™.
One of these resonances, unidentified by the DZ
selection rules, was predicted to be only Raman
active. As we had argued, however, all six of these
modes are Raman and infrared active.

The translational frequencies with polarizations
parallel to ¢ and a, respectively, move the NO,"
ion as a point and will be relatively unaffected by
the NO,-ion disordering. Thus they closely conform
to the lattice selection rules based on D% symmetry
and, hence, are not seen in the Raman spectra of
the paraelectric phase, disappearing in our data
as the transition temperature is approached. In
fact, it is within this logic that we have identified
the librational and translational peaks (Figs. 4, 5,

and 7). In the temperature-dependent Raman spec-
tra the disappearing external modes are identified
as the translational modes (Fig. 8).

The second anomaly in our Raman spectra was
the curious line shapes that appeared in the para-
electric phase (Fig. 10). Both Stokes and anti-
Stokes spectra displayed these peculiar line shapes.
Here again the disordering inherent in this para-
electric phase generates a spectral anomaly. Within
a disordered microdomain there is a loss of trans-
lational symmetry, and subsequently the sampling
of phonons with only very small wave vectors is not
mandatory upon the Raman process; wave-vector
conservation is not obeyed. The spectra are a func-
tion of a multiplication of all possible resonant fre-
quencies, with the corresponding frequency-depen-~
dent densities of states.?” Thus, normal Lorentzian
lines should not be expected and do not appear, as
witnessed by our Raman observations.

The remaining confusion in the Raman spectra is
the appearance of the 821 and the 1328 cm™ frequen-
cies, two frequencies of the internal vibrations, in
both the polarized and depolarized (bc) spectra
(Fig. 10). Neither nitrite-ion disordering or ex-
perimental error explains this spectral doubling.
What does explain this spectral redundance is a
large oscillation of the NO,™ radical about the a
axis; the occurrence of this oscillation has been
intimated by Sato et al.'? and by Chisler and Shur. "
With a large misalignment of the bisecting axis
of the O—~N-O angle with the b axis, such that
the nitrogen and oxygen atoms are moving in
the bc crystallographic plane, the lattice modes
involving the symmetric bend and symmetric
stretch in the NO;," ion have irreducible species
described by both symmetric and bc basis functions;
hence, these lines can be seen with polarized and
(bc) Raman filters. If the large torsional oscilla-
tion were not present, the internal vibrations would
appear only in the polarized spectra. Movement
about any other axis would necessitate the appear-
ance of the symmetric vibrations and of the asym-
metric vibration in other depolarized spectra.

C. Order-Disorder Phase Transition

The complicated two-stage phase transition in
NaNQ, is an intriguing puzzle, which we had hoped
to unravel with Raman spectroscopy. We have
found that our Raman data give no support to tran-
sition mechanisms involving a soft mode, dipole
wave, or tunneling. However, the data do suggest
a mechanistic possibility that could explain the
means of the nitrite-ion disordering and its ability
to participate in the phase transition.

There is no evidence in our experimental results
of “Cochran” soft modes to precipitate the order-
disorder phase transition. The temperature pro-
files of the TO frequencies (Fig. 7) show no modes
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going to zero frequency as the ambient temperature
of the crystal is raised to the ferroelectric demar-
cation. On the basis of infrared experiments!® !4
the translational mode not observed in the Raman
spectra also shows no indication of this critical soft-
mode behavior; thus, a “Cochran” soft mode cannot
account for the loss of the ferroelectricity in NaNO,,

Within the content of our Raman data we also
eliminate two other phase-transition possibilities.
Extending our measurements in the ¢ (ba)c, b(ca +b)c,
and b‘\(ab+ a)c scattering configurations to 3 cm™
away from the exciting laser frequency revealed
only a featureless background, which showed no
change as the crystal approached the phase transi-
tion, except for increased Rayleigh scattering.
Thus, there is also no evidence from Raman spec-
troscopy of any low-frequency dipole wave greater
than 3 cm™, functioning along the polar axis of
sodium nitrite. Concomitantly, the lack of a low-
frequency scattering peak in the Raman spectra and
the absence of frequency-doubling evidence in the
Raman spectra of the paraelectric phase (resolution
1 cm™) imply that there is no rotational- or trans-
lational-tunneling mechanism operable at frequen-
cies greater than 3 cm™. (Sato ef al.'? also con-
clude that there is no tunneling of the nitrogen atom
between the oxygen atoms.)

We do believe, however, that there is strong evi-
dence in our Raman data of a mechanism that dis-
orders the nitrogen atom about the ac plane. In
our discussion of the paraelectric phase, we noted
the ambiguous appearance of the internal vibrations
in the polarized and (bc) Raman spectra of the para-
electric phase, which was accounted for by a large
torsional oscillation of the NO," ion about the a axis
(Fig. 10). Additionally, in our discussion of the
temperature profiles of the normal modes’ TO fre-
quencies, we pointed out the observed softening of
the characteristic frequencies of the libration about
the ¢ axis at the fundamental temperatures, at which
long-range and short-range orders are lost (Fig.
7). From these two observations, we conclude that
in the paraelectric phase the temperature-dependent
lattice dynamics relax their restraints on the rota-
tion of the NO;" ion about the ¢ axis, and that this
rotation can then flip the NO;" ion. Thus the dis-
ordering mechanism for the nitrogen atom is this
flipping about the a axis of the nitrite ion. Incident-
ly, we have found no evidence to indicate that the
NO,"-ion disordering is caused by the apparently
easier mechanism, a rotation about the ¢ axis.

This flipping of the NO," ion about the a axis, as it
determines the state of order in the crystal, is a
critical parameter in determining the onset of the
phase transition.

We are still plagued with a fundamental question:
Given that the rotation about the a axis of the nitrite
ion and the centering of the Na* atom on the » axis

of the unit cell are two critical parameters that de-
termine the phase transition in NaNO,, how are they
affected by the ambient temperature, such that they
are able to initiate the phase changes at T, and T,?
We here make a suggestion, based upon our Raman
data, which will deal with the temperature-dependent
tendency of the nitrite ion to flip.

Earlier, we discussed the increasing overlapping
of the translational and librational modes of B, ir-
reducible species (translation parallel to ¢ and 1i-
bration about @) in the ferroelectric phase, as the
transition temperature was approached (Figs. 7 and
8). We now conjecture that the merging of these
two normal modes’ lattice states in their band edges
permits energy exchange between them. This crys-
talline vibrational coupling has a simple analogy in
the coupling between a vibrational and a torsional
oscillator in classical mechanics (an example is the
Wilberforce oscillator). Just as energy is fed be-
tween the torsional and vibrational oscillators in the
classical situation (the energy exchange occurs at
a lower frequency than the normal frequencies of
the oscillators), so now energy may be exchanged
between the translation and librational phonon states
in a crystal. As the temperature increases in the
ferroelectric phase, the observed spectral over-
lapping increases (the resonant frequencies remain
separated by about the same energy), hence, the
coupling between the oscillators increases. The
torsional oscillation of the NO,™ anion about the a
axis then also increases. At the phase-transition
temperature, the thermodynamic potential of the
crystal will be minimized by a new set of crystalline
parameters, which will include the centering of the
Na' ion on the » axis and the disordering of the ni-
trogen atom, which has been prepared by the tem-
perature-augmented torsional oscillation due to lat-
tice-mode coupling and the rotational potential bar-
rier decrease as discussed earlier. In the paraelec-
tric phase, flipping of the NO," ion will now occur
through this coupled oscillator mechanism. (The
flipping frequency of the nitrite dipole is thought to
be about 10 cps, 3 while the normal mode frequen-
cies are about 450x 10'° cps.) The culminating ac-
tion in the NO," flipping may be a tunneling through
the rotational potential hill or a free rotation over
the barrier. [It is possible that the internal asym-
metric vibration, which shows frequency and line-
width anomalies at the phase connection temperature
;(Fig. 6), may also participate in this flipping.] This
'suggestion warrants further experimentation and
'analytical evaluation, with which two of the authors,
Wiener-Avnear and Porto, are proceeding, It may
well also contribute to the explanation of other
phase transitions.

VI. SUMMARY

Raman-scattering experiments from NaNOQO, single
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crystals at room temperature confirm the selection-
rule predictions for the ferroelectric phase and ac-
count for the static dielectric constants along the
three major axes. Raman spectra of the disordered
phase in sodium nitrite reveal selection-rule viola-
tions and line-shape asymmetry that are explained
by the instantaneous disordering in the crystal and
by a large torsional oscillation of the nitrite ion
about the ¢ axis. Temperature-dependent scattered
- intensities are used to identify the ambiguous libra-
tions and translations. We further propose that the
nitrogen-atom disordering is produced by a flipping

of the nitrite anion about the ¢ axis, whose oscilla-

ting strength may be dependent upon a temperature-
dependent coupling between the translation parallel

to the ¢ axis and the libration about the q axis.
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