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Abstract—Optical Raman spectra of a ferroelectric sodium nitrite crystal have been detected in a wide spec-
trum range at various temperatures, including the region of the ferroelectric phase transition. A manifestation
of a transverse soft polar mode of the A,(z) type responsible for the ferroelectric phase transition has been dis-
covered in the spectrum at room temperature. This mode has been found to become overdamped even far
from the ferroelectric phase transition temperature. This mode also appears as a central peak under heating.
It has been found that the pseudoscalar mode of the A, type has the highest intensity in the Raman spectrum
of sodium nitrite. The frequency corresponding to the maximum intensity of this mode in the Raman spec-
trum varies from 130 cm~" at 123 K to 106 cm~! at 7= 513 K. A fair agreement of the experimental data for
the A,(z) mode with the Lyddane—Sachs—Teller relation has been established. The polariton curves for the
A,(z) polar mode and the dispersion curves for axinons has been plotted.
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Ferroelectric crystals (BaTiOs;, KH,PO,, (NH,),BeF,,
etc.) are widely used in electric and electro-optical devises
(capacitors, modulators and memory units [1, 2]). Sodium
nitrite (NaNQO,) is one of structurally simplest ferro-
electric crystals among a great number of substances of
this class. NaNO, crystals undergo a ferroelectric
phase transition from a noncentrosymmetric to
cetrosymmetric phase at a temperature of 160°C [3].
At room temperature, sodium nitrite that appears in
the ferroelectric phase is characterized by space group

C5Y(Im2m). As was found, the structure of a sodium
nitrite crystal above the Curie temperature corre-

sponds to the space group Dzz,f (Immm). The parame-
ters of the unit cell at temperatures of 26 and 205°C
are, respectively: a =0.539 nm, b = 0.558 nm, and ¢ =
0.357 nm and @ = 0.533 nm, b = 0.568 nm, and ¢ =
0.369 nm [4—6]. Voinov et al. [7] and Zaytsev and
Yurchenko [8] reported on the experimental results of
studying the generation of the second optical har-
monic localized in a thin surface layer of globular pho-
tonic crystals with sodium nitrite embedded in the
pores of the crystals. Zil’berman and Savintsev [9]
analyzed the radiation in the megahertz range that
appears in sodium nitrite at phase transitions.

The theory [5, 6, 10] predicts that an increase in the
dc dielectric function near the ferroelectric phase
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transition point is caused by the presence of a so-
called soft mode in the vibrational spectrum—a trans-
verse polar (TO) oscillation classified by a full-sym-
metry irreducible representation (4,) in the pyroelec-
tric phase.

Infrared spectra of a NaNO, crystal were studied in
many works [11—16]. Therein, the reflection spectra
were detected in the frequency region of 40—600 cm™!
in the temperature range from 293 to 503 K. The
reflection spectra were analyzed in [11—13]. The A,
(TO) mode responsible for the dielectric anomaly at
the phase transition point at 433 K was found to
appear in the vibrational spectrum of sodium nitrite.

The analysis of the Raman spectra of sodium
nitrite crystals was a subject of many works [17—23]. In
these works, the effect of temperature (in the range of
300—500 K) on the Raman spectrum was investigated
[17, 18]. In [19], the Raman spectra of a single crystal
at temperatures of 77 and 294 K were studied and the
detected spectral bands were associated with the oscil-
lation types. The soft polar mode of the 4,(TO) type
responsible for the ferroelectric phase transition has
not been so far revealed in the Raman spectra of
sodium nitrite.

In this work, we aimed at analyzing a complete
Raman spectrum of a sodium nitrite crystal at various
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Fig. 1. Scheme of the experimental setup with the (/) laser,
(2) mirror, (3) lens, (4) glass substrate, (5) sample, (6)
T64000 triple monochromator, and (7) computer.

temperatures and revealing of the soft mode of the
A,(TO) type in the spectrum, as predicted by the the-
ory for ferroelectric crystals. In addition, we aimed to
study the temperature dependence of the pseudoscalar
mode of the A4, type corresponding to the libration
oscillations of the NO, group with respect to the polar
axis of the crystal.

The principal scheme of the experimental setup for
the excitation and detection of Raman spectra is
shown in Fig. 1. A 15-mW Spectra Physics Stabilite
2017 argon laser (/) with a wavelength of 514.5 nm was
used as the excition radiation source. The laser beam
after passing a turn mirror (2) was focused by an objec-
tive (3) on a sample (5). We used a 50-fold microlens
(f= 0.8 mm) with a numerical aperture of 0.75. A pow-
der sodium nitrite sample under investigation was
squeezed between a transparent glass (4) and a liquid
nitrogen vessel.

The scattered light was detected with the use of a
mirror (2) and a lens (3). The Raman spectra were
detected with the use of a Horiba Jobin Yvon T64000
triple monochromator (6). The detector was a CCD
matrix, the signal from which was transmitted to a
computer (7). The spectral resolution was 1 cm~!, the
diffraction gratings with 1800 lines/mm were used, the
width of the input slit was 0.1 mm.

Figure 2 shows the complete Raman spectrum (in
the region of lattice and intramolecular modes) of
polycrystalline sodium nitrite detected at room tem-
perature in the frequency range from 0 to 1500 cm™"
As is seen, the spectrum consists of a region corre-
sponding to lattice modes and the region correspond-
ing to intramolecular oscillations.

Figures 3a and 3b illustrate the Raman spectrum in
the region of lattice modes of a sodium nitrite crystal
at room temperature and at 123 K in the frequency
range of 0—300 cm~'. Figure 3a presents the spectral
region corresponding to lattice modes at room tem-
perature. Arrows indicate the positions of the respec-
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Fig. 2. Complete Raman spectrum of sodium nitrite
detected at room temperature in the frequency range from
0 to 1500 cm™".
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Fig. 3. Low-frequency part of the Raman spectrum of
sodium nitrite (a) at room temperature and (b) at 7 =
123 K.
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Fig. 4. Evolution of the low-frequency Raman spectra at
temperatures of (a) 123—173, (b) 178—228, and (c) 223—
283 K.

tive intensity maxima; the frequency values, the sym-
metry types and assignment in terms of the (trans)
translational or (lib) librational character of the modes
are also quoted. As is seen in Fig. 3a, a weak band
appears at room temperature at a frequency of 186 cm™
I, which is close to the data of infrared spectroscopy
(194 cm™") [11, 12], corresponding to the A,(TO) type,
a soft mode responsible for the ferroelectric transition.
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Fig. 5. Temperature dependence of the low-frequency
Raman spectra near the ferroelectric phase transition tem-
perature at (a) 398—448 and (b) 453—513 K.

The Raman satellites in the region of lattice modes
become narrower with a decrease in temperature
(Fig. 3b) than at room temperature (Fig. 3a). The
Raman spectrum contains a peak at a frequency of 130
cm~! (a pseudoscalar mode of the A4, type), the inten-
sity of which is considerably higher than the intensities
of other lattice modes. There is also a Raman line with
a maximum at a frequency of 201 cm~". The presence
of this satellite agrees with the data [11, 12] on the IR
spectra of sodium nitrite, in the soft mode of the
A,(TO) type was revealed at room temperature at a fre-

quency of 194 cm™!.

Figures 4a—4c illustrate the variation of the low-
frequency Raman spectra of sodium nitrite in the tem-
perature range of 123—283 K.

Asisseenin Fig. 4, the line, whose frequency varies
within 120—130 cm~! with a decrease in temperature
from 283 to 123 K, is most intense in the low-fre-
quency Raman spectra. In addition, the low-fre-
quency Raman spectra include weak bands in the
region of 150—200 cm™!, the intensity of which are
redistributed with a decrease in temperature.

2016

Vol. 58 No. 1



RAMAN SCATTERING IN SODIUM NITRITE CRYSTALS 173

Table 1. Literature data on the infrared reflection spectra and Raman spectra of sodium nitrite

IR, cm™! Raman, cm™!
[11] [12] [17] [18] [22, 23] Character

TO LO TO LO TO LO TO LO TO LO
A@ | 194 269 187 — — — — — — Translational
B | 157 163 151 - 153 154 165 158 -
B,»)| 149 193 146 - - 150 201 - -
A, — — 119 120 117 Librational
Bi(x)| 188 250 181 - 177 184.5 | 236 191 -
By(y)| 223 261 232 - 220 228 254 223 -
A1(x) | 826 829 825 - 825 828 829 830 - Internal
A1(2) | 1323 1336 1321 - 1327 1326 1328 1323 -
By(x) | 1235 1368 1227 - 1280 1225 1356 1230 -

The variation of the low-temperature Raman spec-
trum in the region of the ferroelectric phase transition
with an increase in temperature (7. = 436 K) is illus-
trated in Figs. 5a and 5b.

As the temperature approaches the ferroelectric
phase transition (7 = 433 K), a low-frequency wing
appears, the intensity of which increases monotoni-
cally (Fig. 5a, the temperature range of 398—448 K).
The intensity of the low-frequency wing exhibits a
sharp increase a 453 K (Fig. 5b, the curve at 7T =
453 K). With a further increase in temperature (7" >
460 K), the intensity of the low-frequency wing first
decreases and then increases (Fig. 5b, curves at T =
458—513 K).

1.0+
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T

1, rel. units
(e}
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T
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0 - o T T NI [T B |

100 150 200 250 300 350 400 450 500 55
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Fig. 6. Fixed-frequency temperature dependence of the
intensity the lines at (/) 10, (2) 15, (3) 20 (4) 25, and
(530 cm™.
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As is seen in Figs. 5a and 5b, the low-frequency
mode A, in the Raman spectrum broadens and is
shifted toward lower frequencies from 120 to 105 cm™!
with an increase in temperature from 293 to 513 K.
This mode does not exhibit any significant changes in
the Raman spectrum in the region of the ferroelectric
phase transition (7'= 433 K). All other modes appear
as diffuse, overlapping weak bands upon heating of the
crystal. Figure 6 present fixed-frequency temperature
dependences of the intensity of Raman scattering at
frequencies of 10, 15, 20, 25, and 30 cm~". To produce
these dependences, we used the numerical data on the
Raman spectra measured at various temperatures and
fixed frequencies.

As is seen in Fig. 6, as well as in Fig. 5b (the curve
at T = 453 K), there is an intensity maximum at 7 =
453 K at all fixed frequencies (10, 15, 20, 25, and
30cm™"). As is known [24], there is a sinusoidal
(incommensurate) phase of sodium nitrite that
appears in a narrow temperature range (436.8—438 K)
between the ferroelectric and antiferroelectric phases.
In addition, the measurements of the temperature
dependence of the specific heat [25] revealed an
anomaly corresponding to an antiferroelectric—par-
aelectric phase transition at 7 = 453 K. Thus, the
observed anomaly in the fixed-frequency temperature
dependences of the Raman spectra confirms the pres-
ence of the antiferroelectric—paraelectric phase tran-
sition of sodium nitrite at a temperature of 453 K.

According to the group-theory analysis of the
vibrational spectrum of a sodium nitrite crystal, the
spectrum of optical modes of the ferroelectric phase
includes the following oscillation types [26]:

Tope = [Ai(2) + By(x) + By(¥)]

1
F 1y + B+ B+ A + 4+ B
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Table 2. Oscillation frequencies and their assignment to the symmetry types in the room-temperature Raman spectrum of

sodium nitrite

Frequency, cm™! Mode symmetry type Phonon type Mode type Character

186 A(2) TO Translational Lattice
154 B (%) TO
170 B(y) TO
120 A, Librational
188 B (%) TO
222 B,(») TO
829 A(2) LO Symmetric bending mode Internal

1327 A1) TO Symmetric stretching mode

1232 B(2) TO Asymmetric stretching mode

The first square bracket corresponds to transla-
tional (trans) lattice modes (translational oscillations
of the NO, group with respect to sodium ions); the
second square bracket stands for librations (lib) of the
NO, group with respect to three axes; the third bracket
corresponds to intramolecular (internal) vibrations of
the NO, group. The polar modes A,(z), B,(x), and
B,(y) should appear in the Raman spectra as trans-
verse (TO) and longitudinal (LO) components.
Table 1 presents the literature data on the symmetry
types and oscillation types found from the analysis of
infrared reflection spectra and Raman spectra of
sodium nitrite crystals.

Table 2 lists the frequencies of the maxima in the
room-temperature Raman spectra of polycrystalline
NaNO, observed in this work. In contrast to the liter-
ature data (Table 1), we discovered in the room-tem-
perature Raman spectra (Figs. 2 and 3) a lattice mode
of the A,(z) type with a frequency of 186 cm™! corre-
sponding to the translational transverse polar oscilla-
tion of the 4,(TO) type responsible for the ferroelec-
tric phase transition.

The frequencies of the maxima in the low-fre-
quency Raman spectrum of sodium nitrite measured
at the temperature 7= 123 K are given in Table 3.

As follows from comparison of Figs. 2 and 3 and
Tables 2 and 3, the frequencies of Raman lines exhibit
shifts toward higher values with a decrease in tempera-
ture from room temperature to 123 K. There are satel-
lites in Fig. 3b at frequencies of 201 and 269 cm™!,
which correspond (according to the data of infrared
spectroscopy [11, 12]) to the oscillations of the 4,(TO)
and A,(LO) types. It is worth mentioning that in this
case the soft mode corresponding to the A,(z)(TO)
mode appears to be overdamped far from the ferro-
electric phase transition point. This is caused by reori-
entations of the NO, group around the x axis, which
leads to dephasing of the 4,(z)(TO) mode. As a result,
this mode becomes a relaxer with an increase in tem-

perature and appears as a broadband low-frequency
wing typical for relaxation processes. The found values
of the characteristics of the soft mode of sodium nitrite
far from the ferroelectric phase transition temperature
and the respective values of the high-frequency and dc
dielectric functions are listed in Table 4.

According to the well-known Lyddane—Sachs—
Teller relation [27] for the soft mode A4,(z) responsible
for the ferroelectric phase transition, it should be
(neglecting the contribution of internal modes)

2
€o: _ Do)

()

2
€z O(TO,4(2))

Substituting the values from Table 4 to Eq. (2) we
conclude that the Lyddane—Sachs—Teller relation
agrees fairly well with the experimental data on the

Table 3. Oscillation frequencies and their assignment to the
symmetry types in the Raman spectrum of sodium nitrite
detected at the temperature 7= 123 K

Frequency, Mode Phonon
cm™! symmetry type type Mode type
130 A, Librational
160 B(x) TO, LO |[Translational
178 By(») TO, LO
201 B (%) TO, LO |Librational
233 By(») TO, LO
269 A (2) LO [Translational

Table 4. Parameters of polaritons for the A; mode at room
temperature

Mode | v, 4;(TO), cm~! |v, 4,(LO), cm™!{ee [ 11]|€g, [12]
A,(2) 186 269 1.9 | 3.51
PHYSICS OF THE SOLID STATE Vol. 58 No. 1 2016
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Fig. 7. Polariton curves for the 4,(z) mode at room tem-
perature.

Raman spectra and the literature data of infrared spec-
troscopy.

Based on the found characteristics of the soft
mode, we can build the dispersion relation for the
respective polariton curves specified by the known
formula

2,2
Z_Cok

e (@)

3)

Here, ¢, is the speed of light in vacuum and ¢ () is the
respective dielectric function

2 2
WOpo ;) — O

e (w) =g, 20— 4)
010, 4,(7) — O

Substituting Eq. (4) into Eq. (3) we find the rela-
tion for the dispersion curves of polaritons

2 2,2 2 2,2
‘ol O o4z T C0K 4 0710, 40K

0] =0. (95

€ €

oz oz

As a result, we find the solution for two polariton
branches

2 2,2
O‘)LO,AI(Z) +c k

2 p—
wi(k) = 5

(6)

2 2,2
+ 2 2,202 |
(W0 T kD)

2
c
Here, ¢>=—-", Oro.4z) = 25¢V(LO, A4,(2)), Org 4 ;) =

2egv(TO, A,(z)). The parameters v(LO, 4,(z)), W(TO,
A,(z)), and &, are given in Table 4. Figure 7 shows the
results of computing the form of the polariton curves
for the polar mode A,(z) in sodium nitrite. The
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Fig. 8. Dispersion curves of axinon branches in sodium
nitrite.

W10 4,z a0 O ¢ 4, Values and the dispersion relation

cok

Ve,

According to the table of characters of irreducible
representations of group C,, [28], the librational lat-
tice modes are classified by the pseudoscalar symme-
try type A4,. According to the theoretical concepts elab-
orated in [29—36], in addition to electromagnetic
waves, there exist pseudoscalar waves in vacuum cor-
responding to elementary particles referred to as
axions. The resonance interaction of axions with pseu-
doscalar phonons in a dielectric medium leads to the
formation of hybrid quasiparticles—axinons [37]—
similar to polaritons. In [37], the dispersion relation
for axinons was found to be

w=

are also shown (by dashed lines).

2 2 2,2
(07 + @, +cok”)
2
2 2 2 2,2
4(w0pswa + 0)Opscok )

wi(k) =

(7)

x|1x,[]1-

2 2 27.2\2
(W7 + @, +cok™)

Here, s = 271¢)Vr s, ©, = 2010V, and @g g = 25T Vp s
We use the following values of the parameters: v, =
125 cm™!, vy, = 120 cm™! (Table 2), v, = 1 cm™' [38,
39]. Figure 8 shows the dispersion curves of sodium
nitrite found with the use of Eq. (7). The dashed lines
correspond to the dispersion relation of photons in
vacuum and specify the values of the parameters w;
and ) .

As is seen in Fig. 8, the axion branch and the dis-
persion branch of the pseudoscalar mode of sodium
nitrite exhibit anticrossing in the crossover region,
which is typical for hybridization of interacting modes.

In conclusion, we have discovered the presence of
the transverse polar mode of the A4,(z) type (soft
mode) responsible for the ferroelectric phase transi-
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tion of sodium nitrite in the Raman spectrum of this
crystal. It turned out that this mode is pronounced in
the Raman spectrum only far from the ferroelectric
phase transition point, at low temperatures of the sam-
ple. With an increase in temperature, this mode
becomes, overdamped and can appear only as a cen-
tral peak. Upon approaching to the ferroelectric phase
transition point, the central peak is seen as a broad
relaxation wing near the exciting line. The intensity of
this peak exhibits a sharp maximum at the temperature
T = 453 K. As a result of the analysis of the low-fre-
quency temperature dependences, we have confirmed
the presence of an antiferroelectric—paraelectric phase
transition of sodium nitrite at a temperature of 453 K.

The assignment of all the Raman satellites pre-
dicted by the group-theory analysis has been carried
out. The room-temperature polariton curves for the
soft mode A4,(z) have been built. It has been found that
the intensity of the pseudoscalar mode A4, is an order
of magnitude greater than the intensities of other lat-
tice modes. The possibility of hybridization of pseu-
doscalar phonons with axions has been discussed. The
found behavior of the polar and pseudoscalar modes
in sodium nitrite can be used for the observation of
parametric processes accompanied by generation of
radiation in the terahertz spectrum range.
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