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The first-order Raman spectra of KN;, RbNj, and CsNj, all of which possess a body-cen-
tered tetragonal crystal structure with the symmetry of the space group D},‘Z-M/mcm, have been

measured at room and liquid-nitrogen temperatures.

The five Raman-active phonons predicted

by group theory have been observed and assigned on the basis of the scattering tensors.

INTRODUCTION

Many of the solid inorganic azides decompose to
give the simple products of the anion and nitrogen.
This decomposition may be caused by heat, shock,
light,- or ionizing radiation. In the case of the
heavy-metal azides the reaction can be highly exo-
thermic. However, some of the azides, in partic-
ular the alkali azides, are more stable. Therefore
the alkali azides have been the subject of many
studies.

Considerable work has been done on the vibration-
al spectra of the alkali-metal azides. Bryant!™
has presented extensive infrared data on single crys-
tals of sodium, potassium, and cesium azide and
some mercury-arc Raman data on polycrystalline
alkali azides. Recently, the long-wavelength trans-
latory optical frequencies for KN;, RbNj;, and CsNjy
have been measured by far-infrared transmission
on polycrystalline samples.? Also an attempt has
been made recently to calculate on the basis of a
rigid-ion approximation the lattice vibrational fre-
quencies of potassium, rubidium, and cesium
azide.® Because of our interest in Raman scattering
from radiation-induced defects in the alkali azides,”’®
we have undertaken a study of the laser Raman
spectra of these alkali azides. The present study
has allowed a definitive assignment of the first-
order Raman-active phonons.

Potassium, rubidium, and cesium azide possess
a body-centered tetragonal crystal structure with
the symmetry of the space group Dj3-I4/mem.® The
crystal structure is shown in Fig. 1. There are
four formula units per crystallographic unit cell
and two formula units per primitive cell. The crys-
tallographic unit-cell parameters for these alkali
azides are listed in Table I. As the effective ionic

radius of the metal ion is increased the unit-cell
dimensions are correspondingly increased. How-
ever, these changes are such that the contact radius
between the metal ion and the end nitrogen of the
azide ion is the same for all three materials.

Group theory indicates that the 24 deg of freedom
for the 8 atoms in each primitive cell are divided
into vibrations at £=0 of the symmetries indicated
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FIG. 1. Crystallographic unit cell of the alkali azides
possessing the symmetry of the space group Di,%—lél/mcm.
Letters a, d, and & refer to the special positions of Dif.
Fourfold z axis is normal to the figure.
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TABLE I. Unit cell for K, Rb, and CsN3.* Body-centered
tetragonal, DY-I4/mcm symmetry.

Cation

Cation Cell A) Contact

radius constants radius
A) ay ¢ &)
K 1.33 6.094 7.056 1.63
Rb 1.48 6.36 7.41 1.63
Cs 1.69 6.72 8.04 1.63

®A. D. Yoffe, in Developments in Inovganic Nitrogen
Chemistry, Vol. 1, editedby C. B. Colburn (Elsevier,
New York, 1966), p. 72.

as follows:
X(a): Ap+Ag+E,+E,,
N(d): Aj+Ag+Ap+Big+By,+By+E,+2E, ,
N(n): Ag+Az+E,+E, .

The alkali-metal anion (K, Rb, or Cs) is indicated
by X and the letters in parentheses indicate the
locations of the atoms in the special positions of
Di3. The acoustical branches have the symmetries
A,, and ‘Eu. The A,, vibrations are silent, that is,
they do not cause a change in polarizability or di-
pole moment and are not optically active. The
Ay, By, and E, vibrations are infrared active.
There are five possible Raman-active branches
whose Raman-scattering tensors have the form!°

a00 c00 0do
A | 0a0); B[ 0cO0]; Bui|d00|;
000 000 000
00e\ . 000
E,;:|000) and {00Qe€
e00 0e0

The alkali-azide crystal consists of tightly bound
azide ions Nj” which are bound loosely to the anion
sublattice. In such crystals where the coupling is
weak between ion groups and the rest of the lattice,
it is useful to label the vibrations as either internal
or external. The internal vibrations are those
modes in which nitrogen atoms of a given N3~ ion
move with respect to one another, and the external
vibrations are those modes in which the N;” ions
move as rigid units. It can be expected for XN,
crystals that the internal mode frequencies will be
fairly independent of the mass of the alkali-metal
ion, but that the external mode frequencies should
be more sensitive to anion mass.

The Raman-active phonons may be further de~
scribed in terms of these external and internal mo-
tions. The Ay, and B,, phonons are associated with
the in-phase and out-of-phase symmetric stretching
of the two N3~ ions in the primitive cell. This rep-
resents the crystal field splitting of the Z; vibra-
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tion associated with a free Ny~ ion (D.,). The By,
phonon is associated with a hindered rotation of the
azide ion about the z axis, the two azide ions in the
primitive cell being out of phase with respect to
one another. One E, phonon is associated with the
hindered rocking of the azide ion in the z direction,
that is, a motion of one N(%) atom in the positive

z direction and the other N(k) atom in the negative
z direction, the N(d) atom remaining fixed. The
remaining E, phonon is associated with a translation
of the alkali-metal ions in the plane perpendicular
to the z axis, with the alkali-metal ions in adjacent
planes moving in opposite directions. It should be
noted that the verbal descriptions of the Raman-
active phonons are intended only to be conceptually
helpful.

EXPERIMENTAL

A He-Ne laser (632.8 nm, 50 mW) was used as
a source of excitation. The laser radiation was
focused into the crystal by an 85-mm focal length
lens. The radiation scattered at right angles to the
incident radiation was collected by a variable /1.5
to f/". 2 lens system and analyzed by a SPEX model
1401 monochrometer and a photon-counting detec-
tion system. All data reported were taken with
2 cm™! or less spectral slit widths, and all frequen-
cies reported are reliable to +1 cm™,

Small clear crystals of potassium and rubidium
azide were grown by the slow evaporation of aque-
ous solutions over a six-month period. The crys-
tals possessed a truncated tetragonal pyramidal
shape with well-developed (001) faces as shown in
Fig. 2. The best crystals measured 2-3 mm on a
side and up to 1 mm in thickness. The KN; crys-
tals were of considerably better quality than the
RbN; crystals.

It did not prove possible to grow suitable crystals
of CsN;. The data reported on CsNg were obtained
from a thin layer of powdered sample which was
pressed onto a copper block in contact with liquid

z(c)

[—— ()}

X

x(a)

FIG. 2. Morphology of the KN; and RbNj crystals as
grown by evaporation of an aqueous solution. Axes de-
noted x(a), y(a), and z(c) are the crystallographic axes.
Axes denoted x’ and y’ are a set of axes rotated 45° about
the 2 axis from the crystallographic axes.
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FIG. 3. Raman spectra of KN;, RbN;, and CsN; pow-
dered samples at 82°K; instrumental slit width of 2 cm~!
All three spectra were recorded under identical experi-
mental conditions.

nitrogen. For purposes of comparison, the powder
spectra of KN; and RbN; as well as CsN; taken
under identical conditions are shown in Fig. 3.

The crystal axes for KN; and RbN; were deter-
mined by Laue back-reflection studies and are in-
dicated in Fig. 2. The axes indicated by a(x), b5(y),
and c¢(z) correspond to both the crystallographic
unit-cell axes and the Nye axes!! for the Raman-
scattering tensors. The axes indicated by (x) and
(y") are rotated 45° about the c(z) axis from the
unit-cell axes.

Small crystal size and birefringence demanding
critical orientation allowed the best polarization
data to be obtained only with the crystal mounted
on a goniometer at room temperature (298 °K).
For low-temperature measurements, the KN; and
RbNj; crystals were mounted with thermal conduct-
ing grease on a copper block in contact with liquid
nitrogen. The temperature of the sample under
these conditions was measured by a thermocouple
to be 82 °K.

RAMAN SPECTRA OF THE ALKALI AZIDES:

CsN,

KN,, RbNj,

3499

The Stokes-Raman spectra for a KN; single crys-
tal at room temperature for the five 90°-scattering
configurations needed to uniquely define the scatter-
ing tensors are shown in Fig. 4. These data were
obtained with a spectral slit width of 2 cm™ and an
f/7.2 lens. A higher-resolution (0.5 cm™) spec-
trum of the internal azide-ion phonons (4,,, B,,) for
KN, taken at room temperature for the y(xx)z and
y(xy)z configurations is shown in Fig. 5. These
data were obtained by recording the electron pulse
counts at 0. 5-cm™! spectral intervals for a fixed
time interval. These data represent optimum align-
ment of the KN crystal and demonstrate the best
polarization separation that was obtained on the
(A, Bj,) internal vibrations.
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FIG. 4. Raman spectrum of KNy at 298 °K; instrumen-
tal slit width of 2.0 cm™’.
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FIG. 5. Raman spectrum of the (A, By,)-v, doublet
for KN; at 298°K; instrumental slit width of 0.5 cm™.

The observed scattering tensors for KN; are
shown in Table II. The area of each phonon peak
was measured. These values were then corrected
for instrument response and these corrected values
were finally normalized to the (argest element
[(a2,) of the 152-cm™ band]. These tensor values
shown in Table II are reproducible to within 5%,
These tensors indicate both the symmetry of the
phonons and their relative scattering strengths.

Figure 6 shows the Stokes-Raman spectra for a
single crystal of RbN; measured at 82 °K for four
of the 90° -scattering configurations associated
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with the ', y’, z axes. It was not possible to mea-
sure scattering-tensor component values as done
above for KN; because of poorer RbN; crystal qual-
ity. These data were obtained with a spectral slit
width of 2 cm™ and an optical aperture of f/1.5.

Figures 3-6 are composed of traces from the
original recorder data. No corrections have been
made for the changes in the instrument response
with frequency. The measured frequencies for the
fundamental phonons at both 298 and 82 °K for KNj,
RbN3, and CsNj are presented in Table II.

DISCUSSION

All five of the Raman-active phonons of this
series of alklai azides are observed in Figs. 3-6.
The polarization characteristics of these Raman
data for KN; and RbN; allow these phonons to be
labeled according to their smmetry species. The
fundamental modes of CsNjy have been labeled by
comparison with the KN3 and RbN; data. These
assignments are given in Table II.

As described previously, the vibrational modes
of these alkali azides can be viewed as either ex-
ternal or internal vibrations. The external vibra-
tions will consist of one phonon of symmetry E,
associated with a translational motion |T(E,)] of the
anion sublattice, one phonon of symmetry E, of a
rotational nature |R(E,)] involving a hindered rock-
ing of the azide ions, and one phonon of symmetry
B,, involving a hindered rotation of the azide ions
apout the z axis |R(B,)]. Both the rotational mo-
tions associated with the N3~ should be independent
of the anion mass. The T(E,) phonon, however,
should shift with increasing anion mass according
to the ratio 1:0. 68:0. 54 for the potassium, rubid-
ium, and cesium ions, respectively.

The T(E,) phonon was observed to decrease in
frequency from 107 cm™! for KN, to 69 cm™ for

TABLE II. Raman-active fundamental modes in K, Rb, and CsNj.
Vibrational mode Observed frequencies (cm™!) Experimentally
and symmetry KN, RbN, CsN, observed Raman
Dy, 298°K 82°K 298°K 82°K 298°K  82°K scattering tensors
for KN,
vi(Ay,) 1340 1344 1336 620
1333 1327 1328 260
001
v1(BZg) 1339 1342 1335
100 2 0
R(By,) 151 165 140 158 150(+10) 145 2 1000
0 00
0 2 54
R(E,) 145 157 128 139 121 110 2 0 54
5454 0
. 0 1 17
T(Eg) 103 107 66 69 44 46 1 0 17

1717 0
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RbN; to 45 cm™ for CsNj as the mass of the anion
increases. These shifts in frequency are slightly
larger than might be expected (1:0.64:0.42). The
E, character of this phonon may be seen in Figs.
4 and 6. The relative scattering intensity associ-
ated with this T(E,) phonon increased as the anion
increased in size. This can best be seen in Fig. 3.
Bryant® observed a very weak band at 65 cm™! in a
mercury-arc Raman spectrum of KN, and has
labeled this band as being the T(E,) phonon. This
weak band was probably caused by an impurity in
the sample, perhaps RbNj. Bryant4 also observed
a band at 42 cm™ in a mercury-arc Raman spec-
trum of CsN; and has labeled this band as being E,
translational phonon in agreement with the present.
work. The only observation of the Raman-active
vibrations of RbN; may be inferred from the re-
cently reported second-order infrared transmission
spectrum.’ These data indicate a possible E, pho-
non-at 45 cm™. The calculations of Govindrajan
and Haridasan® based on a rigid-ion model yield
values of 74 cm™ for KN;, 49 cm™! for RbN,, and
47 cm™ for CsN; for this E, phonon and are at best
in qualitative agreement with the present observa-
tions.

The R(E‘,) phonon frequency is observed to de-
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crease from 156 cm™ for KN; to 139 cm™ for RbN;
to 121 cm™ for CsN,. This phonon should not shift
in frequency with a change in the mass of the alkali-
metal ion. The shift in frequency for the R(E,)
phonon and slight departure from the expected
T(E,) phonon frequency shifts may be indicative of
some coupling between these two like symmetry
motions. The E, character of this phonon is seen
in Figs. 4 and 6. The decrease in frequency with
increase in anion size was not as marked with this
phonon as with the T(E,) phonon. Furthermore,
there was only a slight but not marked increase in
the relative scattering intensity associated with the
increase in anion size. Bryant® observed a band

at 102 em™ for KNj but interpreted it to be the By,
rotational phonon. The band observed at 108 cm™
in CsN; was correctly interpreted to be the E, ro-
tational phonon.* No such phonon has been indicated
by the second-order infrared transmission data for
KN, or RbN,.® Furthermore no calculated values
are reported for this phonon.

The highest-frequency external vibration is the
B, phonon in which the azide ions are librating out
of phase about the z axis while the anion sublattice
is essentially at rest. The B, character of this
phonon is seen in Figs. 4 and 6. This phonon was

RbN 5 y(zx)z RON 5 y'ix'x)z
- Ao \stssi otrssaiass j\j& JL
1 1 | 1 A\ 1 | ! | | W 1
\
RbNy y'(zy)z RDN4 y'(xy")z
ey f
1 1 1 1 - 1 1 1 1 1 N 1
50 100 150 200 1335 50 - 100 150 200 1335

FREQUENCY (cm™)

FIG 6. Raman spectrum of RbN; at 82 °K; instrumental slit width of 1.5 cm™!, Primed axes (x’, v’) indicate the axes
shown in Fig. 2.
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observed at 165 and 158 cm™ in KN; and RbNj, re-
spectively. The scattering tensor associated with
a By, mode has only @,, and a,, components when
referred to the unit-cell axes. However, if the
crystal is rotated 45° about the z axis as shown in
Fig. 2, the transformed B, tensor now has the
diagonal form associated with the B,, tensor. Sim-
ilarly, the transformed B,, takes the form of the
B,, tensor. The E, tensors mix and the A,, tensor
remains unchanged under such a transformation.
Data obtained from such a rotated crystal make it
quite easy to distinguish between A,, and B,, phonons
which both possess diagonal scattering tensors
when referred to the unit-cell axes. Furthermore,
such data also serve as a check on the By, character
of any given phonon. Figure 4 shows the data ob-
tained for a KN; crystal with the experimental con-
figuration associated with the unit-cell axes. The
data in Fig. 5 are for a RbNj; crystal with the ex-
perimental configuration associated with the »’

and y' axes.

The intensity and width of the B,, band changed
markedly as the anion size increased. This change
is best seen in Fig. 3. A shoulder was observed
to the high-frequency side of the 158-cm™ band in
RbN;. This feature became more pronounced as a
separate peak at L-N, temperature in the powder
spectrum of CsNj; the side-band frequencies were
centered at 158 cm™!. This side-band feature
broadened as the temperature increased until at
room temperature there was a diffuse background
from approximately 140 to 200 cm™. The side-
band feature was not resolved from the R(B,,) band
at room temperature. This feature has the charac-
ter of a second-order process. There are numer-
ous possibilities for second-order scattering to
occur in the 150-cm™ region® and as has been
pointed out by Burstein'? the second-order process
may be enhanced in the neighborhood of a first-order
phonon scattering. However, it is not clear why
the width and intensity of the R(Bh,) band should
change so markedly with the increase in the anion
size since the contact radius remains constant.

Resolution of the E, and B,, rotational phonons.
would have been extremely difficult using mercury-
arc excitation on polycrystalline samples. Bryant®
has reported only a single peak for KN, at 147 cm™?
and has interpreted this to be an E, phonon. Bryant?
reported a broad rather weak peak centered at 153
cm™ in CsN, and interpreted this to be a By, mode.
No experimental or calculated values for the R(By,)
phonon have been reported previously for RbNj;.

The internal vibrations of the azide ion were ob-
served near 1330 cm™ for these alkali azides. The
splitting of the A,,-Bj, doublet was 2 cm™ for KNy
at L-N, temperature. Figure 5 shows the A,-B,,
doublet for the «,, and a,, components at room tem-
perature. Bryant® observed a strong band at 1340
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cm™ and a weak band at 1352 cm™ and interpreted
these to be By, and A,, phonons, respectively.

This interpretation implies the totally symmetric
A, phonon is considerably less intense than the out-
of-phase B;, phonon and does not agree with the
present polarization data. In the present study, a
very weak band was observed at approximately 1352
cm™ which disappeared at liquid-N, temperature.
This temperature dependence is indicative of a
multiphonon process. The normalized observed
scattering tensor for the A,,-B,, doublet in KN, is
given in Table II with the diagonal elements being
the A;, phonon and the off-diagonal the B,, phonon.

A 1-cm™ splitting was observed for the Aq-By,
doublet at liquid-N, temperature for RbN,, but these
phonons were not resolved at room temperature.
Furthermore, no splitting was observed for these
phonons in the spectrum of the powdered CsNj.
Bryant? observed an intense band at 1325 em™ and
a weak band at 1336 cm™ in CsN; which he inter-
preted to be the A,, and B,, vibrations, respective-
ly. In the present study, a very weak band was
observed near 1335 cm™! at room temperature, but
not at liquid-N, temperature. This temperature
dependence is consistent with a multiphonon pro-
cess.

While numerous weak multiphonon processes were
observed in the 1250-1300-cm™! spectral region at
room temperature, only the 2y, overtone was ob-
served with any appreciable intensity at liquid-N,
temperature. This overtone band is shown in
Fig. 3.

The normalized tensors for all Raman-active
fundamental phonons in KN; were observed to have
the expected forms. The nonzero a,, o,, compo-
nents observed for the R(By,), R(E,), and T(E,)
tensors may be attributed to crystal misalignment
and the finite solid angles associated with the
focused laser radiation and collecting optics. It
is apparent from the observed tensors for KNj that
the total scattering strengths of the R(Bu) and
R(EE) phonons are approximately equal. The scat-
tering strength of the translational E, phonon is
considerably weaker as might be expected.

SUMMARY

The first-order Raman spectra of KN;, RbNj,
and CsN; have been measured at room and liquid-
N, temperatures. The five Raman-active phonons.
predicted from group theoretical considerations
have been observed. The phonons have been as-
signed on the basis of the polarization data for KNj
and RbNj.
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A dynamic theory of the cubic-to-tetragonal transformation in spinels containing octahedrally
coordinated d° and d Jahn-Teller ions is presented. Following Kanamori, the model assumes
that the dominant coupling between the doubly degenerate electronic orbital and the lattice is
via the elastic strain. The temperature dependence of the splitting of the degenerate electronic
level and the changes in the elastic constants due to the interaction is determined. For linear

Jahn-Teller coupling, the phase transition is second order.
The frequency of this mode goes to zero at the transi-

mode propagating in the [110] direction.

The soft mode is the acoustic shear

tion temperature and remains zero in the distorted structure. Including third-order Jahn-

Teller coupling, the phase transition becomes first order.

The shear sound velocity changes

discontinuously at the transition temperature and then increases with decreasing temperature.

I. INTRODUCTION

This paper considers structural transitions from
cubic to tetragonal symmetry in spinel structures
containing d* and d° transition-metal ions. The
connection between these phase transitions and the
Jahn-Teller effect was first recognized by Dunitz
and Orgel' and by McClure.? Several thermody-
namic theories were subsequently constructed.
Those by Finch, Sinha; and Sinha® and by Wojto-
wicz* considered the case of large local distortion
due to the static Jahn-Teller effect. At high tem-
peratures, these distortions are oriented randomly
among three equivalent positions. Due to interac-
tions between the distortions, a transition occurs
to an ordered structure with all the local distortions
aligned in one particular direction. This occurs
when the interaction energy gained by aligning the
distortions becomes more effective in lowering the
free energy than the entropy, which favors a ran-
dom distribution of the distortions among the equiv-
alent positions. This model corresponds to the
case of strong local anisotropy in which the anisot-
ropy energy is much larger than 2T, where T, is
the transition temperature.

The more recent work by Englman and Halperin®

extends the work by Wojtowicz by taking into ac-
count the dynamic Jahn-Teller coupling and the
excited vibrational states.. Due to the interaction
between the Jahn-Teller complexes, the localized
vibrational modes associated with a single complex
assume the character of propagating optical pho-
nons. However, the interaction was treated in a
molecular-field theory and thus only the g=0 limit
was discussed. Interaction of the electronic sys-
tem with acoustic phonons was not considered.

A‘basically different model has been considered
by Kanamori.® This model describes the sponta-
neous appearance of a local distortion at thetransi-
tion temperature. The model implicitly assumes
that the interaction between neighboring distortions
is sufficiently strong to immediately align the local
distortions once these appear. In this model (in
its simplest form), there is no local distortion
above the transition temperature.

For the case of the normal spinels FeCr;O, and
FeV,0, with Fe?* Jahn-Teller ions at tetrahedral
sites, Mossbauer experiments show that consider-
able local distortion persists above the transition
temperature.” However, for Jahn-Teller ions at
octahedral sites the amount of local distortion can-
not be measured by the Mossbauer effect because



