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Raman spectrum and phase transition in sodium azide*

George J. Simonis' and C. E. Hathaway
Department of Physics, Kansas State University, Manhattan, Kansas 66506

(Received 1 October 1973)

The Raman spectra of both the n and P phases of NaN& have been obtained and interpreted. The
Raman-active F. g mode of the P phase splits into A, and B, modes as NaN3 undergoes a phase
transition at approximately 20'C at atmospheric pressure. These phonons have been used to study the

phase transition as a function of pressure and temperature. The temperature studies at atmospheric
pressure were made over a range of 20 to 650'K. The pressure studies were made for pressures

ranging from 0 to 2.9 kbar for nine temperatures covering the range of 258 to 360'K. The observed
data are used to support an order-disorder transition model with a slightly disordered P phase. The
contribution of the induced lattice strain to the phonon-frequency changes is shown by these data to
dominate any contribution due to phonon coupling.

I. INTRODUCTION

Sodium azide, NaN„has a highly ionic lattice
with one formula. unit per primitive cell. The lin-
ear trinitrogen anion provides a, simple variation
on the extensively studied alkali-halide systems.
Sodium azide is a relatively stable member of a
family of sometimes violently unstable azide com-
pounds. The instability of the azide ion allows the
introduction of lattice defects at low temperature
simply by irradiating the sample with ultraviolet
light. ' Azide-compound decomposition can be in-
itiated by heat, shock, light, or ionizing radiation
making temperature- and pressure-dependent
spectral behavior of interest.

One of the most interesting aspects of the lattice
dynamics of sodium azide is the occurrence of a
temperature- and pressure-dependent structural
phase transition of apparent higher-order char-
acter. The transition is known to be initiated with
decreasing temperature near 20 C, ' and also can
be induced by hydrostatic pressure. ' The present
work places emphasis on the pressure and tem-
perature dependence of the Raman spectrum of
sodium azide.

The space-group symmetry of the high-temper-
ature phase of sodium azide, designated as P-
sodium azide has been found by x-ray analysis to
be RSm (D„) with one formula unit per primitive
cell.' 4 The P-sodium azide rhombohedral cell
is illustrated in Fig. i. The lattice structure of
the P phase can be described in terms of the prim-
itive rhombohedral cell or the nonprimitive hexa-
gonal or monoclinic cells. The lattice parame-
ters at 23 C are given in Table I. There are nine
optically active modes of which six are infrared
active (2E„+2A.,„) and three are Raman active
(1AM+ 1E,) Each of thes. e modes may be ciassi-
ified as "internal. " or "external" in character de-
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Several studies of the P-sodium azide optical
spectra have been conducted and extensive assign-
ment of the spectral features has been presented. ' '
A lattice dynamical calculation based on mea-
sured & =0 optical frequencies has also been
made. " Unfortunately, sufficiently large single
crystals have not been available for an inelastic-
neutron-scattering determination of the disper-
sion curves. Only neutron scattering from pow-
dered samples has been studied. "

The low-temperature phase, designated as n-
sodium azide, has been determined to have space-
group symmetry C2/m (C',„) with one formula unit
per primitive cell.' This is a distorted rhombohe-
dral cell which is to be distinguished from the
monoclinic crystallographic cell with two formula
units per crystallographic unit cell. The mono-
clinic cell presented in Fig. 1 is useful for visual-

pending upon whether the predominant relative
atomic motions are internal or external to the
azide ion. The internal modes are the A. ~ azide
symmetric stretch mode, the E„azide bending
modes, and the A.,„azide asymmetric stretch
mode. These modes are often referred to simply
as v„v2, and v3, respectively, because of their
similarity to the molecular vibrations. The ex-
ternal modes are the E„and A.,„azide translations
and the E~ azide librations. It should be noted that
these verbal descriptions are intended only to be
conceptually helpful. They are not rigorous de-
scriptions of the phonons in the lattice. The Raman-
scattering-intensity matrices obtained from the
conventional Raman-scattering tensors' are shown
below:

4419



GEORGE J. SIMONIS AND C. E. HATHAWAY

W-NoN

MONOC L INI C

Csq „(C2/m)

P-NaNs

ONAL

(RSln)

(a —b) sin'28 '
2

d' cos'8 d~ sin38

" f a cos'8)'

~+b sin'8)

(a —b)sin228 2 (asin 8)
(+b cos 8)

d' cos'8

d' sin'8

C2

e' sin'28 e' cos'28 f' sin'8

e' cos'28 e' sin'28 f' cos'8

f' sin'8 f' cos'8

M

Fig. 1. ~- and P -sodium azide crystallographic cells
shing their correspondence in the P-phase.

izing the transition. The monoclinic cell parame-
ters at —95 C are given in Table I. The optical-
mode symmetries and their correspondence with
the modes of P-sodium azide are listed in Table
II. The infrared or Raman activity of the modes
is not affected by the structural change but the
details of the Raman tensors are.

The phase transition can occur in any one of
three equivalent directions and probably varies
from point to point within a crystal. For this
reason the a-sodium azide scattering intensity
matrices are presented with an arbitrary rotation
8 of the crystallographic axes about the z direc-
tion relative to the sample axes. Sample X and
P axes refer to an arbitrarily selected but unique-
ly defined pair of orthogonal axes in the X-F plane
of a given sample. Sample axes will be understood
to apply unless otherwise stated:

The above dependence on 8 is in contrast to the
P-phase matrices which are left unchanged by
such a rotation 8.

The space groups of n- and P-sodium azide are
both symmorphic, allowing the symmetry discus-
sion to be conducted in terms of the appropriate
point group operations. The transition from the
P to the n phase involves a reduction by a factor
of 3 in the number of point group symmetry ele-
ments as indicated in Table III. Therefore, ac-
cording to Landau's group-theoretical considera-
tions, "this transition will have nonzero third-
order terms in the expansion of the thermodynam-
ic potential and, consequently, can not be strictly
of second order.

Pringle and Noakes' have conducted a tempera-
ture dependent x-ray study of the transition. They
find the P-to-Q. transition to involve a shearing
of the sodium layers in such a way that the mono-
clinic cell P angle decreases with decreasing tern-
perature. At the same time a corresponding but
disproportionately large tilt of the azide ion
occurs in the reflection plane of the monoclinic
cell such that the azide ion comes closer to two
nearest-neighbor sodiums than to the other four.
Other lesser changes occur simultaneously.
Pringle and Noakes reported the transition to be
predominantly second order in character since
these changes begin at 18'C, proceed continuous-

TABLE I. Unit-cell parameters for G.- and p-sodium azide. '

b (Ap Cell angle

P-phase {23 C), R3m
Rhombohedral
Hexagonal
Mono clinic

&-phase {-95 C), C2/m
Monoclinic

5.491
3.646
6.316

6.211

3.647

3.658

15.213
5.493

5.323

u =38.7'

P = 112.6'

P = 108.43'

' Values taken from Refs. 2, 16, and calculations based on their results.
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TABLE II. Correspondence between the k = 0 lattice
vibrational modes of 0.- and P-sodium axide.

R 3m C2/m
Acoustic modes Description '~ A„

A2 8„

Cell translation parallel to y„
Cell translation parallel to x~
Ce1.1 translation parallel to ~„

Optic modes
Infrared active~A„

A2„

A2g Bg

Raman achve

Agg Ag

Atomic displacements parallel to $z
Atomic displacements parallel to fz
Atomic displacements parallel to S~
N3 bending in (FZ)~ plane
N3 bending in (X'Z) „plane
N3 asym~etric stretch

N3 libration in ~)z plane

N3 libration in (~)z plane
N3 sy~~etric stretch

' The Cartesian coordinates are defined for the mono-
clinic unit ceQ.

ly as a function of decreasing temperature, and
are not yet completed at -100 C. Their transi-
tion temperature T, compares favorably with val-
ues between 19 and 22'C obtained by other au-
thors. 2' 3 They find the splitting of formerly de-
generate plane spacings to follow the proportional-
ity

[(d, —d)/dJ'~ r, —T,
where d represents the degenerate plane spacing;
d, and d, represent the split nondegenerate plane
spacing. Figure 12 presents some of the results
upon which this statement is based.

Fritzer and Torkar'~ observed only a very slight
increase in the heat capacity in the vicinity of
20'C. The only conclusion that they were able
to draw was that no pronounced structural change
couM occur because no sharp deviation in the heat
capacity was observed. A similar conclusion was
reached by Campbell and Coogen" based on their
NMR measurements.

Bradley, Grace, and Munro' demonstrated that
the transition could also be caused by applying
pressure. Pringle and Noakes' observed a tem-
perature pres-sure correspondence of 35 bar/'C,
with regard to induced effects, upon comparing
their results with those of the pressure study.
No actual lattice-ce11-parameter values as a
function of temperature or pressure have been
determined except for the Pringle and Noakes'
studies at 23 and -95'C, and those of Stevens
and Hope" at 23 C. Based upon the observed

correspondence between temperature and pres-
sure changes, one also would expect to find lat-
tice plane spacing changes to be proportional to
(p p }I/O

Pringle and Noakes'" find the phase-transition
behavior to be consistent with an order-disorder
mechanism in which the librational motion of the
azide ion is visualized as involving a process of
jumping between three tilted azide potential mini-
ma. This model is supported by their observation
of an apparent larger diameter for the azide ion
at its extremities over that of the central nitro-
gen in the P phase. The P-phase symmetry is
preserved in their model only insofar as equal
populations of the three tilted orientations exist.
The P- phase-to-a-phase transition then is pic-
tured as involving a population increase of two
of the orientations at the expense of the third with
a resultant tilt in the average azide ion orienta-
tion.

II. EXPERIMENTAL

The sodium azide crystals used in these mea-
surements were grown by very slow diffusion of
methanol into a saturated water solution at con-
stant temperature. The crystals obtained were in
the form of platelets as thick as 1 mm with faces
as large as 5 cm'. The samples had undulating
surfaces and some visible flaws. X-ray Laue
backscattering studies indicated that the samples
were untwinned single crystals. The crystalo-
graphic ~ axis was found to be normal to the faces.

Natural crystal faces and cleaved edges were
used for entrance and exit optical surfaces for
almost all of the measurements. However, it
was found that good optical surfaces could be ob-
tained by polishing first with a slightly water-
moistened polishing cloth followed by a similar
procedure with acetone.

The Raman measurements were made predom-
inantly with the 4965-A. argon-ion iaser line. Sev-
eral other lines of an argon-ion laser and the
6328-A line of a helium-neon laser also were
used. The detection and photon-counting appara-
tus employed has been previously described by
Temple and Hathaway" and by Hathaway and
Rahn '

The optical pressure cell used was designed by

TABLE III. The point-gxoup symmetry operations of
e- and P-sodium azide and their correspondence.

3@~ E C3 C3 Cg C2 Cg' i S6 S 6 cr~ o ~ o ~

s/m E I l c,
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Stanley Robertson Fort Hays Kansas State College,
and is illustrated in Fig. 2. The cell was con-
structed of 4041 tool steel, heat treated to a Rock-
well C45-48 hardness. The windows were single-
crystal sapphire. The pressure was generated by
a hydraulic hand pump and delivered to the sam-
ple chamber by means of Qctoil-S fluid in which
the sample was immersed.

The pressure was indicated with an accuracy
of + 500 ib./in. ' by means of an American Instru-
ment Co. calibrated pressure gauge. The mea-
sured pressure values were converted to kbar.
The sample temperature was measured with a
calibrated 40 Driver-Harris Alloy No. 121-122
thermocouple placed in direct thermal contact
with the sample and approximately 3 mm from
the point of focus of the laser. The thermocouple
leads were passed into the cell through a length
of high-pressure tubing filled with epoxy to make
a pressure-tight seal.

Pressure-cell temperatures from room tem-
perature to 87'C were maintained to better than
+0.25'C by means of an external heater surround-
ing the cell and a temperature controller. Cell
temperatures from room temperature to —15'C
were maintained to within +0.5'C by means of
thermoelectric coolers placed in thermal contact
with the exterior of the cell.

Measurements were made from room tempera-
ture to 20 K at 0 kbar by means of a liquid-nitro-
gen Dewar with a counterbalancing sample heater,
and with a Joule- Thomson hydrogen-gas Dewar.
Zero-pressure measurements were made from
room temperature to 675 K by means of a heater
mounted in an evacuable glass chamber. Tem-
perature stability of better than + 2 K was readily
obtainable with the Dewar and the heater systems.

A least-squares-fitting program was used to
obtain individual line-shape parameters from data

TOP
PLU0 LASER / SAMPLE

I EXIT/

RAMAN

WINDOW PLUG ~
RAMAN
SCATTERING

UT

THERMOCOUPLE
LFADS

SAMPLE
MOUNT PLUG

~ BOTTOM PLUG

i LASER
INPUT

FIG. 2. Optical hydrostatic pressure cell with sapphire
wlQdows ~

containing overlapping bands. This program also
allowed minimization by a deconvolution technique
of instrument and laser linewidth effects on the
data. This technique involved fitting the data with
a convolution of Lorentzian line shapes, a linear
sloping background, and an instrument function.
The instrument function was obtained by scanning
over the laser line with the same instrument set-
tings as those used in the original measurement.
Confidence intervals for the fit parameters were
calculated as a function of individual data point
uncertainties, assuming Poisson statistics for
the photon counts. Goodness-of-fit parameters
X' were also determined. "

III. RESULTS AND DISCUSSION

A. P-sodium azide

The Raman spectrum of P-sodium azide has
been reported by Bryant' as consisting of lines
at approximately 122, 1267, and 1358 cm '. The
present work presents considerable additional de-
tail not previously reported. The survey spec-
trum, as recorded in this work is given in Fig. 3.
The peak positions and full widths at half-maxima
are presented in Table IV.

Normalized scattering intensity matrices of the
three dominant features of the P-sodium azide
spectrum are as follows:

7 7 96

121cm ': 7 7 100

96 100 43

2 1 2

1266cm '.
i 1 2 2

2 2 100

7 0 2

1358cm ' 0 7 1

2 1 100

The 121-cm ' measurements presented here were
made at 100 C in an attempt to reduce perturba-
tions that might occur in the vicinity of the phase
transition. However, similar results were ob-
tained at 25'C except for a slight increase in the
relative size of the XZ, k'8, ZX, and ZY ele-
ments. Since the elements of these matrices are
not changed by an arbitrary rotation 8 about the
z axis in the P phase, it was not necessary to ori-
ent the sample in the X-F plane to obtain polariza-
tion data.
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The matrix elements are averages of measure-
ments involving several appropriate crystallo-
graphic orientations and several points within a
sample. These matrices are only meant to be
indicative of the polarization characteristics. In-
consistencies in relative intensity were observed
between specific sets of measurements. These
variations are probably due to sample imperfec-
tions, multiple internal reflections within the thin
platelets, finite solid angle of the entrance and
exit radiation, and uniaxial crystal effects. The
two refractive indices of P-sodium azide are sub-
stantially different with n

II
= 1.72 and n~= 1.37."

The 120-cm ' line is readily assigned as the
E, azide librational mode because it is the only
low-frequency line of significant intensity. Its
matrix elements are in good agreement with those
expected for an E, mode except for the ZZ ele-
ment. It is difficult to explain the nonzero ZZ
element as caused by the problems previously
mentioned. Changing the f number of the collec-
tion optics made no significant difference in the
relative size of the ZZ element. The other ma-
trix elements are consistently observed to be
substantially smaller than the ZZ element even
though the ZZ element is required to be zero by
symmetry while no other elements are. Very
good polarization ratios were obtained for the
high-frequency lines.

Figure 4 presents typical polarization data for
the librational mode at 25 C. The nonzero ZZ
element is more understandable if one adopts a
disorder model for the high-temperature phase
of sodium azide. The smooth curve through the
X(ZX) Y data points is a least-squares single
Lorentzian fit to the data.

The narrow 1358-cm ' band of A~ symmetry
dominates the high-frequency spectrum. %'e also
observed this line in an unsaturated water solu-
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FIG. 3. Survey spectrum of ~-sodium azide (80 K) and
P-sodium azide (296'K) at 0 bar.

tion at a reduced frequency of 1340 cm ' with a
half-width of 12 cm-'. It has been assigned there-
fore as the only high-frequency first-order Raman
active mode, the azide symmetric stretch.

The 1266-cm ' line is approximately twice the
reported 638-cm ' frequency of the internal azide
bending mode. ' Its half-width is relatively narrow
as would be expected. We also observed it in an
unsaturated water solution of sodium azide, al-
though mixed with the 1358-cm ' line, with the
maximum occurring at approximately 1255 cm '.
It is assigned as the bending mode overtone. Its
large intensity and slight frequency discrepancy
is believed to be caused by Fermi resonance with
the A~ azide symmetric stretch mode.

The other observed features of the spectrum
are not as easily assigned. The broad weak band
at 255 cm ' is not observed at low temperatures
and is believed due to higher-order phonon scatter-

TABLE IV. Peak positions and full widths at half-maxima.

Q-sodium azlde
88 'K

v {cm ') y (cm )

125.3 + 0.5 0.7 + 0.2
148.4 + 0.5 0.8 + 0.2

Not observable
1259+1.5 1.5 ~1
1268+ 1.5 0.3 +0.2

1275 to 1290 b
1339 + 1.5 0.7 +0.4
1360+ 1.5 0.3 +0.2

Not observable

P-sodium azide

121.0 + 0.5 8.3 ~ 0.4

v (cm ')

104+1

650 'K

255 +5
1258 + 1.5
1266 + 1.5

1270 to 1290
1336+1.5
1358+ 1.5
1364+ 1.5

25+8
2.5+ 1
1.1x 0.4

b
0.9 + 0.3
1.2 ~0.3

b

1268+1.5 '

1354+ 1.5
1363+ 2

297 'K
I (cm ') y (cm ') y (cm ')

4.0 +0.5

6.0 +0.5
b

' Measured at 523 'K.
Not avaj. lable.
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ing or possibly the Raman-forbidden LO(A„) azide
translation. ' The band maxima observed at 1258
and 1336 cm ' correspond very well with N"NN

linear -triatomic-oscillator isotope-shifted fre-
quencies calculated to be 1259 and 1335 cm '.
The half-widths at low temperature also are con-
sistent with such an assignment. The relative iso-
topic abundance of N" is O.SV% leading to pre-
dicted intensity ratios between the pure and iso-
tope shifted lines of O.V%. The observed ratios
at low temperature were 1%. Lines with essen-
tially the same frequency shift from v, as that of
the 1268-cm ' line have been observed in KN3y"

C,N„" and Agn, .'4 A line similarly correspond-
ing to the sodium azide 1335-cm ' line has been
reported in AgN, ."Bryant' has conducted infrared
absorption measurements on pressed KBr disk
samples containing NaN"NN enriched to 95%. He
observed the isotope shifted bending mode at 628
cm ' leading to an isotope overtone frequency to
1256 cm '. Isotope lines have also been observed
in KNCS,"confirming the presence of such lines
in a lattice with bonding similar to that of the al-
kali azides.

These observations are not conclusive because
arguments also can be raised against such assign-
ments. The Fermi resonance involved for the
1266-cm ' line also applies to the isotope-shifted
line yielding a value of 1246 cm ' for the isotope
overtone as calculated from Bryant's infrared ab-
sorption measurements on the bending mode. This
value is 12 cm 'below the observed line. The rela-
tive intensity of the 1258-cm ' line increases with

temperature to more than 5% as compared to the
1266-cm ' line at room temperature as well as
acquiring an irregular shape. However, this could
be caused by a low-frequency wing on the 1266-cm
cm"' line generated by anharmonic effects. A

problem more difficult to explain is the absence

of an isotope-shifted bending mode overtone due to
NN"N. This line is calculated to be at 1238 cm '
with 0.3' of the intensity of the 1266-cm ' line.
No such line was observed. However, it should
be noted that Bryant' also did not report such a
line in his isotope enriched samples. Bryant did
assign a band observed at 1350 cm ' as the isotope-
shifted v, frequency. He indicated that this as-
signment was confirmed using isotope enriched
samples of 95% Na¹'NN. No line was observed
at that frequency in the present work.

The structure of the 1270- to 12S0-cm ' band,
presented in Fig. 5, resembles that of second-
order Raman scattering processes. This band is
believed to be caused by coupling between the
azide bending modes and the external lattice pho-
nons or coupling between azide ions. It is of in-
terest to note that potassium azide„cesium azide
and silver azide all have a set of four lines in the
2v, region of the spectrum similar in position and
relative intensity to those of sodium azide. This
js true even though the respective point groups
are D,„, D,„, D», and D„, respectively. The
first three azides have two formula units per
primitive cell and orthogonal axes for neighbor-
ing azides, while sodium azide has one formula
unit per primitive unit cell and all azide axes par-
allel. The structural phase transition that occurs
in sodium azide also has negligible effect on these
lines.

The 1364-cm ' band is believed to be different
in origin as evidenced by its very strong tempera-
ture dependence. It is unobservable at 88 K but

T= 88'K

-" l2 - x{zx)v 7=25'c

Q e

0=S-

CO 4
UJ

e
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0 s I I

( 05 I I 5 ) 25 f 35
FREQUENCY {cm ')

FIG. 4. Typical polarization data for the E~ librational
mode. The solid line is a one Lorentzian least-squares
fit to the 2fgX) Y data.
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FIG. 5. Weak high-frequency band ribose structure
resembles that of second-order scattering processes.
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increases asymptotically to half the intensity of
the v, line at 650'K. Corresponding lines have
been observed in potassium and cesium azide. "
Despite the striking similarities between the high-
frequency spectra of the various azides, diverse
assignments have been made by various authors.
It appears likely that there is a common explana-
tion for the lines observed in the four different
azldes.

B. n -sodium azide

The infrared and Raman spectra of n-sodium
azide are very similar to the spectra of P-sodium
azide if allowance is made for normal anharmonic
effects. This is attested to by Bryant's' assign-
ment of the features of both spectra without ac-
knowledging the existence of the n-P structural
phase transition.

The one conspicuous exception to this over-all
similarity is the frequency splitting of the former-
ly degenerate E, librational modes into an A, and
a B, mode. This splitting was first reported by
Temple" as a function of temperature, and by
Simonis" as a, function of pressure.

The frequency exhibiting the largest change with
temperature is assigned as the A, mode because
the A, mode displacements rnatch most closely
the lattice distortion of the phase transition, and
the A, mode also has the decreasing nearest-neigh-
bor sodium distance in its plane of oscillation.

As observed earlier, domains of differing ori-
entation are likely to occur in the a-phase. This
is consistent with the polarization variations ob-
served in the scattering from point to point within
a given crystal. A complete scattering matrix
study therefore could not be conducted. However,
it was possible to use the polarization character
at a single point in the crystal to enhance first
one line and then the other in order to better re-
solve the individual lines. Typical polarization
data are presented in Fig. 6. The smooth curves
are least-squares fits to the data obtained as de-
scribed above.

The polarization separation was found to be the
greatest for Z( )Y sample orientation. The polar-
ization separation was often maintained for re-
peated recycling through the transition. The opti-
mum polarizer settings were found to be 90 apart
but bore no consistent relationship to the direc-
tion of propagation of the exit beam. Although not
clearly understood, it was observed that polariza-
tion analyzer adjustments had negligible effect on
on the relative intensities of the two lines. There-
fore, no analyzer was used in order to maximize
signal intensity.

The ZZ element of the B,-mode scattering ma-
trix theoretically should be zero for arbitrary

~. Pressure-dependent Raman studies

Pressure range of the cell employed in these
measurements was not sufficient to allow. a pres-
sure-dependent study of the changes in the inter-
nal-mode frequencies. However, the pressure-
induced changes in the librational-mode frequen-
cies were readily observable and were studied
extensively. These bands were studied as a func-
tion of pressure at nine temperatures ranging
from —15 to 87 C. Figure 7 presents the pres-
sure-dependent frequency behavior obtained for
three of these temperatures. The symbol size is
approximately representative of the uncertainty
in the frequency. Data were taken for ascending
and descending pressure increments and also for
various relative intensities of the two peaks. All
peak position data appear to be consistent within

~l0
O
O

0 8

6

m"
LU
I-

0
80

T~70 C

I I I I I

l00 l20 1+0
FREQUENCY (cm-~ }

I60

I IG. 6. A~ and B~ librational-mode polarization separa-
tion. The solid lines are bvo Lorentzian least-squares
fits.

rotation of the X and Y crystallographic axes as
discussed earlier. Experimental measurements
consistently yielded ZZ matrix elements which
were 20% or more of the largest matrix element
I'Z. Multiple domains in the sample in the n-
phase are likely to add to the difficulties discussed
earlier in relation to I3-sodium azide polarized
scattering, but are not believed to provide a com-
plete explanation.

No observable perturbations occur in the high-
frequency spectrum that can be attributed to the
phase transition. This is particularly significant
with regard to the 1268-cm ' line which might be
expected to be split by the lower symmetry of the
azide site in the u-phase. A splitting of as little as
0.5 cm ' mould have been readily detectable at
20'K. This lack of observed splitting is indicative
of the small effect that the lattice has on the in-
ternal modes of the azide ion.
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the uncertainties of the measurements, with no
detectable hysteresis effects.

The E, mode exhibits normal anharmonic be-
havior, increasing linearly in frequency with in-
creasing pressure at a rate of 1.1 cm '/kbar at
8V'C. The B, mode exhibits similar behavior at
a rate of 0.81 cm 'fkbar at —15'C. However,
near the transition point the B, frequency is an
anomalously larger than the frequency as extra-
polated from higher pressures would indicate.
Without this nonlinear deviation in the frequency,
there would be a discontinuity at the transition
point. At low temperature the g' values for the
computer fits were consistently near 1.0 while for
higher temperatures they exceed 2.0. This in-
crease is believed to be caused predominantly
by the increasing fractional contribution of the
nonlinear background and the broader spectral
region covered by the line. The one Lorentzian
fits in the P-phase exhibit a deterioration of the
g' values several hundred bars before the transi-

tion occurs. This may be indicative of changes
preceeding the extrapolated transition pressure
I', .

For (I' P,-) less than 400 bar in the u-phase,
the intensity of the A, mode is observed to de-
crease significantly relative to that of the B,
mode for all samples, incident polarizations, and
temperatures. The total integrated intensity of
the two bands is found to be approximately con-
stant throughout the pressure range including
both sides of the transition point.

Figure 8 presents half-width data for three of
the temperatures of the investigation. The hali-
widths, which might be expected to be sensitive
to lattice peculiarities near the transition point,
change in relative magnitude for the A., and B,
modes within approximately 1.4 kbar of the transi-
tion point. Also, the A, and B, half-widths each
consist of two distinguishable groups with differ-
ent magnitudes corresponding to the two incident
polarizations employed for the measurements.
The over-all consistency between half-width de-
terminations is observed to deteriorate in the
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FIG. 7. Pressure-dependent librational-mode frequen-
cies for three of the nine temperatures studied.
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FIG. 8. Librational-mode pressure-dependent half-
vridth data at several constant temperatures. Triangles
represent the E~ and B~ librational modes. Circles rep-
resent the A~ librational mode.



RAMAN SPECTRUM AND PHASE TRANSITION IN SODIUM

u-phase near the transition point.
The symbol size is representative of the half-

width estimated uncertainty for measurements in
which the two lines do not overlap substantially or
only one line is present. However, for small
separations of the lines, the confidence contours
in parameter space ' increase in volume and take
on more irregular shapes making uncertainties
difficult to estimate. The "best-fit" parameter
uncertainties in this region cannot be accurately
determined nor can the region of anticipated dif-
ficulty itself be determined without an extensive
investigation of these contours. Such an investi-
gation is beyond the scope of the present work. It
is therefore not clear at the present time whether
the derived half-width behavior at and near the
transition point is caused by peculiarities of the
fitting procedure, physical effects, or a combina-
tion of the two. Diverse first guesses for the com-
puter-fitting procedure were found to result in
almost identical parameter values with any data
for which convergence was obtainable. The agree-
ment between the results of different measure-
ments and different polarizations also gives some
indication of the parameter uncertainties. Half-
width changes definitely are only a small fraction
of the total half-width to within 350 bar of the
transition pressure.

As Fig. 7 illustrates, the splitting of the two

librational mode frequencies has a nonlinear
pressure dependence. Nevertheless, the behav-
ior of these modes does not conform with that
associated with soft modes, that is, modes which
become unstable at the transition point. The most
significant discrepancy is that no observed Raman-
active mode frequency in the n-phase approaches
zero as the transition point is approached, al-
though the largest part of the lattice distortion
occurs over several kbars of pressure change.
According to %orlock's lemma, "the soft mode
must be Raman active and totally symmetric in
the low-symmetry phase. SrTi0,"is an excellent
example of a socond-order displacive phase tran-
sition exhibiting such a mode. Given the C» lat-
tice symmetry of n-sodium azide, the A~ libra-
tional mode would be the most logical candidate
for the soft mode. However, the atomic displace-
ments do not match those of the phase transition
as described by Pringle and Noakes. ' Even if the
lattice symmetry were incorrect, the soft mode
should be observed in the u-phase and was not.

The other commonly recognized major type of
second-order phase transition is the A- or order-
disorder transition. KNCS (Ref. 30) and the am-
monium halides" are examples of this type of
transition. For many such materials no single
mode has been observed to approach zero as the

second order transition point is approached. How-

ever, in disordered phase of both KNCS and the
ammonium halides, the disruption of lattice trans-
lational symmetry manifests itself in the break-
down of the k=0 selection rule for first-order op-
tical processes. Broad bands corresponding to
the density of states curves then appear in the
Raman spectra. No such behavior is observed in
relation to the librational modes in sodium azide.
The individual phonon half-widths and line shapes
are well behaved in sodium azide throughout the
transition region in contrast to those of some of
the other order -disorder transition materials.
Sodium azide does not obviously fit either of the
standard second-order phase-transition models.

An attempt is made in this work to relate the
observed frequency behavior to the lattice distor-
tion using anharmonic-phonon theory. Starting
with Cowley's description" of anharmonic pertur-
bations on the harmonic phonon frequencies

v vo+2vo( TE+ AH) s

where &» is the frequency change linearly pro-
portional to finite lattice strains q„&, and ~» is
the frequency change due directly to phonon cou-
pling. The change due to phonon coupling is lin-
early related to phonon Bose-Einstein factors n&.

Lattice strains may be introduced by applying
pressure or by thermal expansion processes. The
Bose-Einstein factors are changed, under normal
circumstances, predominantly by temperature
changes. Although this is not necessarily true
in the neighborhood of phase transitions, we will
assume it to be so based on the observed half-
width data. Pressure and temperature -dependent
studies of the strain and frequency behavior then
allow one to separate the two effects. As Cowley
shows, the phonon half-widths are closely related
to the same population factors n& that cause the
changes in ~~. Although the two relationships
are not identical we will take the observed half-
width behavior as an indication that

for P-P, greater than 135 bar. It then follows
that

As observed earlier, the x-ray measurements
are consistent with

q„8~(P-P,)' ',
although the measurements reported up to the
present do not prove this proportionality. It then

follows that

(v+ —vs ) ~P P, . -
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The corresponding librational mode reduced data
for the nine temperatures of the pressure study
are presented in Fig. 9 along with weighted lin-
ear least-squares fits to the data. The parame-
ters of these fits are presented in Table V along
with parameter confidence intervals, X' goodness
of fit values, extrapolated phase transition pres-
sures, and transition pressure confidence inter-
vals. The y' values are less than 1.0 without ex-
ception indicating the straight line parameter un-
certainties are conservative values.

D. Temperature-dependent Raman studies

The temperature dependence of the azide inter-
nal modes is of special interest because the azide
ion is the origin of the decomposition of azide
compounds. Although the instability is believed
to be electronic in origin, "it could affect the
phonon optical spectra. Frequencies and half-
widths of several high-frequency bands are given
in Table IV for 88, 297, and 650'K.

The 1358-cm '/1364-cm ' line-intensity ratio
is one of the most strikingly temperature-depen-
dent features in the spectrum. The 1364-cm '
band intensity, which is unobservable at 88 'K,
asymptotically approaches one-half the intensity
of the 1358-cm ' band as the temperature ap-
proaches 650 K. The greatest portion of the
change occurs between 300 and 500 K. This
change appears to be at least partially due to a
decrease in the v, intensity. The decrease could
not be definitely established because of a deter-
ioration of the sample optical quality at elevated
temperatures. The symmetric stretch mode has
a linear temperature dependence of -1.0~ 0.2
cm '/100'K over the full temperature range of
the study.

The overtone of the bending mode was studied
as a function of temperature by mixing the Raman
scattered radiation with light from a hollow-
cathode iron-neon lamp. This procedure allowed
the measurement of the frequency change with

temperature to within +0.2 cm '. The low-tem-
perature (88-300'K) behavior was found to have
a slope of 0.3 cm '/100'K. The change in fre-
quency between room temperature and 520'K was
found to be 2.6 cm ' rather than the 0.7 cm ' that
would be obtained by extrapolation of the low-tem-
perature behavior.

Iqbal and Garrett" have shown a correlation be-
tween the instability of the metal azide compound
and the magnitude of the lower-frequency bending-
mode component. They observed decreasing fre-
quency to correspond to increasing azide instabil-
ity or sensitivity. More extensive high-tempera-
ture examination of the v, mode is needed before
the significance of the deviation that we observe

can be established in relation to the high-tempera-
ture instability of sodium azide.

The most interesting changes that occur in the
Raman spectrum are in the low-frequency region.
The temperature dependence of the librational
mode frequencies is presented in Fig. 10. The
E~ mode exhibits linear anharmonic behavior as
a function of temperature. Symbol size is repre-
sentative of the uncertainties of the measurements
except at temperatures greater than 400'K where
large half-widths, background, and abbreviated
procedure made the uncertainty about twice the
symbol size. A linear least-squares fit yields a
temperature-dependent change of —4.5 + 0.1 cm '/
100 K. The B, mode in +-sodium azide also ex-
hibits a linear temperature dependence with a
slope of 3.2+ 0.2 cm '/100 K. Below approxi-
mately 60'K negligible changes are observed in
the A, and 8, mode frequencies. That is, the
structural changes are essentially terminated in
the neighborhood of 60 K.

The librational-mode band half -widths are pre-
sented in Fig. 11 as a function of temperature.
The half-widths are observed to change with tem-
perature at a linear rate of 4.6 cm '/100 K over
the range of the study above 100 K.

The recorded half-widths for the powdered sam-
ples which were taken directly from the supplier's
container are consistently larger than those of
the crystal samples, although the frequencies
agree quite well. Grinding a crystal to a particle
size similar to that of the powder did not result
in larger measured half-widths. One possible ex-
planation is that the larger half-widths observed
with the unrefined powder are due to inferior
microscopic crystalline structure or impurities.
This is plausible in view of the difficulty encount-
ered in growing good single crystals and the phe-
nomenon of twinning which is known to occur.

25.
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FIG. 9. Librational-mode pressure-dependent frequen-
cy splitting and linear least-squares fits to the data.
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TABLE V. Least-squares-fit parameters of the librational-mode frequency splitting assum-
ing a pressure dependence of the form (~& - v& ) = a + bP.

g 4'

Og

('C) (10 cm 4) (106 cm 4) (10 cm 4/bar) (10 cm 4/bar)
P =- /b o( (~)

(kbar) (kbar)

15
5

28
37
49
57
67
77
87

6.52
3.15

-1.80
3 0 12

-5.10
-6.94
-8.99

-11.46
-14.47

0.38
0.13
0.08
0.16
0.16
0.17
0.24
0.79
0.84

6.02
5.97
5.89
5.81
5.54
5.70
5 F 73
5.90
6.24

0.26
0.15
0.09
0.12
0.10
0.09
0.12
0.32
0.32

0.68
0.50
0.53
0.27
0.41
0.27
0.26
0.59
0.40

-1.08
-0.53

0.30
0.54
0.92
1.21
1.57
1.94
2.32

0.08
0.03
0.01
0.03
0 ~ 03
0.03
0.06
0.17
0.18

The half-widths are observed to be a linear func-
tion of temperature through the region of the phase
transition. They are apparently uninfluenced by
the transition other than, of course, the appear-
ance of two nondegenerate phonons in the u-phase.
The observance of half-width perturbations near
the phase transition in the pressure-dependent
data but not in the temperature-dependent data is
understandable in view of the relative scales of
the pressure and temperature dependence of the
phase transition.

Temperature-dependent changes in phonon fre-
quencies have contributions from &» as well as

In the present treatment, temperature-de-
pendent changes due to 4~ are taken to be very
similar for the A, and B, librational modes be-
cause of the striking half-width similarities of
the modes. Furthermore, the 4» terms may be
expected to domina. te because of the large volume
changes which occur. This dominance would mini-
mize the errors introduced by the above approxi-
mation. In a manner similar to that of the pres-

sure dependent study, one then again obtains Eq.
(4).

The ~» term is directly dependent on the lat-
tice strains q~8 making the temperature depen-
dence of the lattice parameters of utmost inter-
est. The actual lattice cell parameters have only
been determined at 23 and -95'C, by fitting of
precise x-ray diffractometer data. However,
Pringle and Noakes' have mea, sured percent
changes in lattice plane spacings as a function of
temperature using less accurate x-ray powder
pattern techniques. Their powder pattern results
are represented in Fig. 12 by the solid symbols.
Using the 23 and -95'C lattice cell parameters
derived by Pringle and Noakes, we calculated
the percent changes in the relevant lattice plane
spacings at -100"C. These quantities are re-
presented in Fig. 12 by open circles.

The observed discrepancies between the open
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o ~&,
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FIG. 10. Librational-mode frequency temperature
dependence. Circles and triangles repxesent single-
crystal data. Squares represent powder-sample data.

FIG. 11. Temperature-dependent lib' ational-mode
half-width data. Open symbols represent powder sample
data. Filled symbols represent single-crystal data.
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and closed symbols are believed to be predom-
inantly due to the lesser accuracy of the powder
pattern measurements. For this reason, pro-
posed models for the cell parameter temperature
dependences were fit to the diffractometer re-
sults. The assumed general forms of tempera-
ture dependences are given by

a(T) = a» oc+ a'(T, —T)", b(T) = 3.650A,

c(T) =c» ac+ c'(T, —T)"&,

)i(T) =P» c+P'(T, —T)"&,

The numerical. details of three trial models con-
sidered are given in Table VI. Trials I, II, and
III correspond to the solid, long-dash and short-
dash lines, respectively. This approach does
not determine the parameter behavior uniquely
but only tests the suitability of various guesses
at what the true behavior might be. A mox e de-
sirable treatment of this problem would involve
independent structural analyses at several tem-
peratures. Nevertheless, Fig. 12 illustrates the
nearly linear results obtained by assuming that
all temperature dependences are of the form
(T T)1/2

It wiQ now be shown that such an assumed tem-
perature dependence for the @~8 terms leads to
an excellent description of the observed libration-
al mode frequency splitting with temperature. The
corresponding (P-P, )'~' pressure dependence has
already been shown to provide a good description
of the observed pressure dependent splitting in
accordance with the linear temperature-pressure

correspondence reported by Pringle and Noakes.
From the above assumption and Eq. (4) it follows
that

(~4„-vs, )'"(T.- T) . ( l)

The reduced temperature-dependent data and
weighted least-square fits are presented in Fig.
13. The high-pressure temperature -dependent
data were obtained by interpolation of the pres-
sure-dependent data presented earlier. The cor-
responding fit parameters, confidence intervals,
y' values and extrapolated transition temperatures
are presented in Table VII. The data correspond-
ing to temperatures less than 50 K were neglected
in the fitting procedure because of their obvious
and expected departure from the behavior of the
higher-temperature data. The g' values were
found to be less than 1.2 in all cases indicating
that the fit parameter confidence intervals are
conservative values.

Local heating is an important question to con-
sider when studying the temperature and pressure
dependent properties of a crystal using focused
laser radiation. Sodium azide offers a unique
answer to this question with its own internal
"thermometer" in the form of the temperature-
dependent librational-mode splitting. Using this
"thermometer" a crystal was irradiated at room
temperature at a pressure of 172 kbar with fo-
cused 4880-/laser light ranging in power from
100 to 750 mW. The splitting was observed to
decrease with increasing laser power at a rate
corresponding to a local heating of approxima-
tely 1 'K/100 mW. From these results and a com-
parison of various other measurements, we con-
cluded that local heating amounted to less than
3 K for all of the pressure- and temperature-de-
pendent measurements and most often was con-
siderably less.
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FIG. 12. Percent changes in four monoclinic cell
plane spacings as a function of temperature. The filled
symbols represent powder-pattern results. The open
circles represent the more accurate diffractometer re-
sults. The lines indicate calculated plane spacing
changes based on three proposed monoclinic cell param-
eter temperature dependences.

E. Phase transition

One deduction that can be obtained from these
measurements is a phase diagram for sodium
azide. These results are presented in Fig. 14.
The extrapolated zero-splitting pressures are
physically unachievable negative values in some
cases, but these values are useful for present-
ing the over-all consistency of the temperature-
and pressure-dependent behavior of the libration-
al modes.

The straight line is a least-squares fit to the
pressure-dependent data. It has a slope of 33
+0.9 bar/'C and a 0 C intercept of —644+27
bar. This yields an atmospheric pressure tran-
sition temperature of (19.5+1.5)'C. This is in
agreement with (20+ 7)'C obtained independently
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TABLE VI. Three sets of trial values inserted into the assumed general forms of the mono-
clinic cell parameter temperature dependences.

Trial No. n, n, n~ a' C

I
rr

III

-0.0100 A/'Ki ~2

1 1 -9.17x10 4 A. /'K
1 1 -9.17x 10 4 A, /'K

0 155 j /oKi/2 0 374 deg/oKi /2

-1.43 x10 3 A/'K -0.374 deg/'K~ 2

-1.42x10 3 A, /'K -03.42x10 2 deg/ K

from the temperature-dependence study repre-
sented by the open circle in Fig. 14. The rela-
tively greater accuracy of the pressure depen-
dent transition temperature determination is due
primarily to refinements made in data acquisi-
tion and data analysis after the temperature de-
pendent study mas completed. This transition
temperature is also consistent with values be-
tween 18 and 12 C obtained by other workers
cited earlier. The slope of the line is also sim-
ilar to the —35 bar/'K dependence observed by
Pringle and Noakes' between temperature- and
pressure-dependent x-ray data.

The ratios of the nine constant-temperature
pressure-dependent splitting rates to the 0-bar
temperature-dependent rate were calculated. The
average of these ratios was found to be —31 bar/
K. This is similar to the ratio obtained from the

x-ray measurements and the phase diagram. It
lends credence to the assumption made earlier
that &» is the important contribution to the split-
ting.

The 8, librational mode is observed to have a
ratio of temperature to pressure-dependent
change of —41 bar/'K using the —15 'C data and
the 0-bar data. This value is larger than the
ratio obtained from the x-ray results and frequen-
cy splitting study, as expected, since it includes
a contribution from 4» in the temperature-de-
pendent behavior. Considering the observed dis-
crepancy, the contribution of &»(B,) may be esti-
mated to be approximately 15% of the total change
with temperature. The mode Gruneisen constant
of the B, mode is calculated to be 1.5 using the
present pressure-dependent data, the tempera-
ture-dependent results, and the temperature-
pressure correspondence of Pringle and Noakes. '

We are aware of no pressure dependent x-ray
studies of P-sodium azide, although both Bradley
et al.' and Weir et a/."have reported some x-ray
pressure data on a-sodium azide. Such studies
on P-sodium azide would have to be conducted at
elevated temperatures. Without such measure-
ments it is not possible to separate the contribu-
tions of &„~ and &» in the P-phase. Using the
87 C and the 0-bar B~ mode data the temperature/
pressure dependence ratio is found to be -40
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FIG. 13. Librational-mode temperature dependence
and linear least-squares fits to the data. The open
circles correspond to powder'-sample data. All other
symbols represent single-crystal data.

bar/'K. This value again is large as expected
due to the &~ contribution that is included. From
this and the above observations, the —35 bar/'C
presented by Pringle and Noakes can thus be seen
to not only be characteristic of the lattice distor-
tion in the u-phase but also of the temperature
dependence of the transition pressure, the libra-
tional-mode frequency splitting, the B,-mode fre-
quency behavior, and even the E~-mode behavior
in the J|I-phase. Assuming a similar 4~ contri-
bution to the P-phase, this observation leads one
to hypothesize a 35 bar/'K pressure temperature
correspondence for lattice behavior of p-sodium
azide also. These results support the close re-
lationship between the phonon frequency changes
and the lattice dimensional configuration changes
that we hypothesized for sodium azide.

The half-width behavior is in striking contrast
to that of the frequency behavior with the tempera-
ture dependence being more significant as ex-
pected. The temperature-pressure correspon-
dence in the n-phase is found to be —150 bar/'K
and —110 bar/'K for the B~ and A, modes, re-
spectively, using the 5'C and 0-bar data. The
behavior in the p-phase is 1.3 kbar/'K using the
SV C and 0-bar data.
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FIG. 14. Sodium-azide phase diagram obtained from
extrapolated pressure-dependent (solid circles) and tem. —

perature-dependent (open circles) librational-mode zero-
frequency splitting.

It is also of interest to note that

(dVs dT
(d yd )

(d~s, ld&)g
' ' (d&l&ng

The volume temperature dependence is taken from
the data of Pringle and Noakes2 and Pax sons and
Yoffe." Coupling these figures with the earlier
temperature-pressure correspondence, we are
led to the conjecture that the compressibility of
e-sodium aside is 60-70% of that of P-sodium
azide. Confirmation of these extrapolations of
the present results must await pressure depen-
dent x-ray studies at elevated temperatures.

An investigation of the librational modes for
k x 0 would be of interest in relation to the phase
transition. Also, there is the possibility of cou-
pling between the [001j transverse acoustic and
librational modes. Such a study could best be
done by inelastic neutron scattering, but unfor-
tunately sufficiently large single crystals have

thus far not been available. Information about
the sodium azide kW 0 phonons might be obtain-
able from Raman scattering from crystals with
broken translational symmetry.

In summary, the sodium azide phase transition
does not conform with either the standard dis-
placive or order-disorder type of second-order
transition, although the lattice changes involved
occur smoothly and continuously over an appreci-
able pressure and temperature range. The tem-
perature and pressure behavior, as indicated by
the Raman-active Ec phonon as it splits into Ac
and Bc modes, indicates that the lattice changes
have a second-order-type dependence in the o.-
phase. The behavior of these phonons in the u
phase and in the P-phase is not inconsistent with
an order-disorder transition and a slightly dis-
ordered P-phase. However, these data, while
supporting this hypothesis, are not conclusive
because of the undetermined behavior in the im-
mediate vicinity of the transition point.

Note added in proof. Subsequent to the submis-
sion of this paper we have become aware of a publi-
cation by Zafar Iqbal, J. Chem. Phys. 59, 1769
(1973), which addresses some of the measurements
which we are reporting. It is of interest to note
that his results are in substantial agreement with
our own where overlap exists.
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TABLE VH. Least-squares-fit parameters of the librational mode frequency assuming a
temperature dependence of the forxn (v„—v )2 = a + bT.

C C

T, =a/b

(1031b/in2) (108 cm 4) (106 cm 4) (10 cm /'K) (10 cm 4/'K) g ('K} {K}

0
10
20
30
40

53.2
60.9
64.8
71.2
75.0

0.8
3.0
1.1
1.0
0.5

-182
-194
-193
-201
-201

3
10
3
3
2

0.58 293
0.79 314
0.16 336
0.20 354
0.40 373

7
22

8
7
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