Soviet-era science, translated into English

INFRARED SPECTRUM
AND LATTICE
VIBRATIONS OF A
SODIUM NITRATE
CRYSTAL

1968

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items,/ru-196801.80236

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.


https://sovietrxiv.org/items/ru-196801.80236

Abstract

Full Text
UDC 548.0:535.343

PHYSICS
S. V. KARPOV, A. A. SHULTIN

INFRARED SPECTRUM AND LATTICE VI-
BRATIONS OF A SODIUM NITRATE CRYS-
TAL

(Presented by Academician A. A. Lebedev, July 5, 1967)

Since the discovery of the complex structure of the infrared absorption spectrum
in the vicinity of the fundamental stretching vibration of the OH ion in the crys-
tal brucite, Mg(OH),, and also in Ca(OH), and LiOH crystals, a discussion has
arisen in the literature about the nature of these absorption bands. According
to one point of view (1), this structure is due to coupling of the stretching vi-
bration of the OH ion with localized librations of noninteracting hydroxyl ions.
Another point of view (?) relates the observed picture to combinations of inter-
nal and external vibrations of the crystal lattice of Mg(OH),, Ca(OH),, and
LiOH. In the opinion of Dows (?), the librational theory has indicated the path
toward understanding the phenomenon, but at present it is necessary to con-
clude that the idea of stronger interaction apparently can better explain the
complex spectra of these crystals in the near infrared region.

Table 1
Selection rules for the IR spectrum of a NaNO; crystal

Normal Fundamental

Symmetrycoord. freq. PolarizatiddombinatiBuolarizatiddombinatiBolarization

Ay, Q1 v inactive vy £ inactive v4 + inactive
vy (Alu) vy, (Alu)

AL, Q1 174 inactive v, + x,y Vi + inactive
v (Eu) v (Eu)

Ay Q4 Vs inactive v, £ inactive vj 4+ z,y
vy (Eq) vy, (Eq)

Ay, Q5 174 z v £ z vy + inactive
v, (Agy) v, (Agy,)

E, Q5,Q, vy inactive v, 4+ inactive 4 £ inactive
vy (A29> vy, (AZQ)
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Normal Fundamental

Symmetrycoord. freq. PolarizatiddombinatiBolarizatidlombinatiBolarization

E, Q5,Qy vy T,y vy & inactive v, =+ T,y
vy (Alu) vy, (Alu)

AL, Q- v; inactive v 4+ inactive v, 4+ T,Y, 2
vy (Eu) vy, (Eu)

E, Q10, Q11 10 Yy iz x,y vy + inactive
v, (Eg) vy, (Eg>

E, Q12, @13 V12 z,y v+ inactive v, £ T,y
vp (Agy) vp, (Agy)

E, @14, Q15 V14 T,y v+ z vy + inactive
v, (A29> VL (AQg)

E, Q16 Q17 V16 inactive vy + z vy + inactive
vy (Alu) vy, (Alu)

E, Q15: Q19 V18 inactive v, + T,y vy + inactive
vy, <E’u) vy, (Eu)

Agy Q@21 Voq z Vy + inactive vy + T, Y, 2
v, (E_()) vy (Eg)

A, Q4o Voo z vy + inactive vy £ inactive
vy (AZu) vy, (AQU)

Agg Qs Vg inactive vy + inactive vy £ T,y
v, (Azg) vy, (A29>

Ay 9 Qo Voy inactive vy + inactive v £ T,y
v, <A29) vy, (A2g)

Note. inactive —not active. The vibration of the nitrate ion v5 and its combi-
nations with lattice vibrations are not considered in the present work.

Recently, the complex structure of the IR spectra of a number of nitrate and
carbonate crystals in the region of the fundamental internal vibrations of the
NOj3 and CO3~ ions was interpreted (*) on the basis of the idea of librations
of these ions about the trigonal axis. In light of the preliminary results of the
discussion mentioned above, such an interpretation of the spectral structure
of crystalline nitrates and carbonates is doubtful; and to assess its reliability,
studies (°) of the dispersion of the branches of external vibrations, knowledge
of the special points of the Brillouin zone, and also a more careful study of the
IR spectra are necessary. Since one of the most characteristic spectra presented
in that work pertains to sodium nitrate, we

an attempt was undertaken at a more detailed study of the IR spectrum of
oriented single-crystal samples of NaNO; in polarized light in the region 700-
1300 cm™! at temperatures of 80-560° K.

The NaNOj lattice has a calcite-type structure. The space group is ng—Rgc;
the rhombohedral unit cell contains 2 “molecules” and has dimensions a = 6.313
A, o = 47°15" at 18° C (). On heating above 200° C, NaNO, undergoes a
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Fig. 1. External normal vibrations of the unit cell of a sodium nitrate crystal

Figure 1: Fig. 1. External normal vibrations of the unit cell of a sodium nitrate
crystal

second-order phase transition, which is completed at 276° C (7) and, according
to present-day data (%9), is associated with orientational disordering of the
anions and an increase in the migration rate of sodium ions.

The normal vibrations of the unit cell of the low-temperature phase of NaNOg,
were analyzed in (1%11). Kastler showed (12) that the real lattice vibrations are
a superposition of translational and rotational vibrations belonging to the same
symmetry type (Fig. 1).

Fig. 1. External normal vibrations of the unit cell of a sodium nitrate
crystal

The spectroscopic selection rules (in the factor-group approximation) are given
in Table 1. The internal vibrations of the nitrate ion have the following frequen-
cies:

vi(A;,) = 1068 cm ™
V5 (Ay,) = 838 cm™;
v3(E,) = 1385 cm™!;
vi(E,) = 1385 cm™;
v,(E,) =720 cm ™!,

vy(E,) =726 cm .

Despite the splitting of the internal vibrational terms into two components, in
the IR spectra and in the spectra of combinational scattering (c.s.) of the crystal
there is no change in the number of the corresponding bands. The calculation
carried out showed that the splitting of the components v,(A4,,) and v5(A,,)
(according to (13), for this vibration the derivative of the dipole moment with
respect to the coordinate is Ou/0q = 1.6 debye per 1 A), taking into account
the interaction of the 80 nearest ions, does not exceed 0.5 cm™.
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Fig. 2. Infrared absorption spectra of NaNO; crystal.

Figure 2: Fig. 2. Infrared absorption spectra of NaNO; crystal.

Experimental investigations of the c.s. of the NaNO; crystal have been carried
out many times (see, for example, (}*)). In the low-frequency region of the
spectrum there are 2 lines of type E, with frequencies 98 and 185 em™!, and
their intensities are approximately in the ratio 1 : 3. Since the librational motion
of the nitrate ions is accompanied by a strong change in the polarizability of
the cell, the ratio of the intensities of these lines can serve as a measure of the
participation of such motion in each of the two real vibrations.

The available information on the IR spectrum of NaNO, in the region of external
vibrations is poorer and less reliable. From the reflection spectrum of a single
crystal, Liebisch and Rubens (1) give for the E, ensemble the frequencies 71,
133, and 217 cm™ !, and for the A,, ensemble the frequencies 71 and 217 cm™.
In (16), for a polycrystalline sample the frequencies 89, 173, and 217 cm™! were

obtained.

Absorption of NaNOj in the near IR region has been studied repeatedly (see,
for example, (17°18)); however, most of the results refer either to polycrystalline
layers or to mica plates (plane 1011). The spectra obtained in the present work
are shown in Fig. 2,

from which it is seen that all absorption bands are sharply polarized. This fact
makes it possible to assume that the selection rules for combination bands, de-
rived in the factor-group approximation, are valid, at least, for part of each of
the bands (19). In view of the fact that the available information on lattice
vibrations pertains to T' = 300°K, it is natural to begin the discussion with
spectrum 3 (Fig. 2). In the polarization E L ¢, the selection rules allow combi-
nation absorption with the participation of external vibrations of the types E,
and E,. Therefore the bands 1004 and 926 cm™* should be assigned to combi-
nations vy with the ensemble of external vibrations E, the first of which can be
predominantly associated with the motion v, (Fig. 1). Similar combinations
of v, with the ensemble E,, give rise to the appearance of bands 1048, 978, and
954 cm~!. Since librations of nitrate ions about the ¢, axes in antiphase should
have a higher frequency than in librations in phase, the band 1048 cm™! can be
predominantly associated with the motion v,,.

Fig. 2. Infrared absorption spectra of a NaNO; crystal. 1 —E L ¢, 560°K; 2 —
E 1lec 38°K; 3 -E L ¢, 293°K; 4 —E L ¢, 80°K; 5 —E || ¢, 293°K; 6 —E L ¢,
80°K; (Spectra 1-4 were obtained on a sample cut perpendicular to the optical
axis, spectra 5 and 6 on one cut parallel to it.)

The region of combination transitions of the internal vibration v; becomes suf-
ficiently transparent only when the sample is cooled. At T' = 80°K in this range
(4 in Fig. 2) about 10 absorption maxima can be distinguished. The maxima
1167 and 1254 cm ! should be assigned to combination transitions with external
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vibrations of the E, ensemble, and the bands 1220-1229 cm~! and 1189-1200
cm~! to combination transitions with external vibrations of the E,, ensemble.
The region corresponding to the 954 cm™! band (spectrum 3), upon cooling,
reveals a more complex structure. In this case the maximum 963 cm™! can be
interpreted as vy + 115 em™! (E,), and the maximum 952 as v; — 116 cm™*
(E,). The absorption bands 788 and 893 cm™?, located in all spectra 1-4 sym-
metrically with respect to the band of the vibration vy, are apparently caused by
combinations of this vibration with acoustic lattice vibrations of type E,,, whose
density of frequencies is maximal near the boundary of the Brillouin zone. Li-
brations of nitrate ions about the trigonal axis together with translations along
this axis form the ensembles A,; and A,,, which in the approximation consid-
ered do not give IR-active combination bands with the vibrations v, and vj.
The possibility of combination absorption in the region of the vibration v; (or
v7) with these ensembles can be realized only in the region of weak absorption
1140 em™! (E || ¢, spectrum 6). Therefore the argu-

the arguments presented in work (4) in favor of the librational concept seem
unconvincing to us. The most probable interpretation of the remaining bands is
given in Table 2. It may be noted that the inactive fundamental lattice vibration

v.(A;,), according to spectra 5 and 6, has a frequency of about 175 cm™*.

On cooling, many bands of combination absorption show splitting. However,
because of the lack of sufficient information concerning the dispersion of the
vibrational branches and the number of critical points in the Brillouin zone, it
is difficult to indicate the actual cause of this.

Table 2
Frequencies of the bands of the IR spectrum of NalNO,

80° 300° 80° 300° 80°
K K PolarizeAisignmdat K  PolarizeAisignmdt 300°K PolarizaeAksignment
27 726 zy vy 946 927 z v+ 1050 x,y Vot
Vig V1
790 788 z,y vy,— 952 T,y vi— 1066 1048 =z,y vy
acous- Vi vy
tic
815 815 z v (NBOG3 954  z,y v+ 1141 z v+
V10 (Asy, A2g>
826 825 =x,y wv;+ 981 z,y Uyt 1154 x,y v+
V16 Lgh1 V16
838 838 z v 987 978 x,y v+ 1167 x,y v+
V12 "6
840 840 =x,y v 1014 x,y v+ 1189 1185 z,y v+
V1g Y10
873 z v+ 1023 1004 z,y v+ 1200 x,y v+
V12 V1s Yo
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80° 300° 80° 300° 80°
K K PolarizaAwsignmdit K  PolarizaAssignmdait 300°K PolarizeAsignment

893 889 x,y v+ 1035 1010 =z vyt 1220 z,y v+
acous- vy Vi
tic

906 z v+ 1229 T,y v+
Vis i

930 926 =,y wvo+ 1254 x,y v+
V16 V18

937 T,y Uyt 1265 z,y i+
V16 V14

Heating the sample leads to broadening of the bands and their shift (for some,
up to 0.1 cm~!/deg) toward lower frequencies. The intensity of the 1066 cm™!
band decreases noticeably already at 1" = 385°K. If it belongs to the E,, ensem-
ble and, basically, corresponds to librations of nitrate ions about the ¢, axes
(motion v, Fig. 1), then this behavior reflects a decrease in the magnitude of
the coupling of the vibrations within this ensemble as a result of the strongly
anisotropic expansion of the crystal lattice on heating (20). With further heat-
ing, orientational disordering of the nitrate ions makes meaningless the choice
of a cell with two “molecules.” In view of the lowering of the site symmetry of
the nitrate ions in a layer, the v; band begins to appear in absorption (21).

The increase in the intensity of the combination bands in the region of 800
and 875 cm™! is apparently due to an increase in the mobility of the ions in
directions perpendicular to the trigonal axis.

Leningrad State University
named after A. A. Zhdanov
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