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The Stability, Electronic and Surface Properties

of the Alkali Azides

Introduction

The Eause of metastability in solid materials is of interest
from both the technological and scientific viewpoint. The azides have
been extensively studied (1) since the heavy metal azides are important
primary explosives whereas the alkali azides exhibit controlled decomposi-
tion behavior. This last feature enables measurements to be made in a
convenient time frame and the effects of various stimuli on the slow
decomposition reactions to be examined. Thermal, optical and electronic
stimuli can all initiate both the violent and controlled decomposition
reactions and for each of these initiation processes the problem is to
decide how the available energy is localized in the lattice to give the
final products of decomposition. For KN3, which has been the major
material examined in the experimental part of the research reported below,
the decomposition products are the alkali metal and nitrogen gas with the
overall reaction following the form: 2KN3 - 3N, + 2K. Of particular interest
from the solid state reaction point of view are the rate limiting processes
controlling the decomposition reaction which involves an electron transfer
mechanism between the azide and metal ion with the subsequent interaction
of two azide molecules to give rise to the three molecules of nitrogen gas.
The reaction as usually represented is felt to follow the sequence given

below: Excitation

N3 ———==— N3* —==N3 + e~ (m
MY+ e > M

2N$ > 3N,




-
The removal of the electron from the azide ion via its prior elevation
to an excited state is often considered to be the rate limiting process
in thermal decomposition. Electric field experiments on AgNj; by
Zakhavov et al (2) have lead these workers to suggest that the final
reaction above.may be rate limiting, the azide molecules behaving as
positive holes in the lattice and their lifetime being governed by the
density of electrons.

The experiments outlined briefly below were designed to obtain

data under controlled conditions so that the sequence of reactions

represented in (1) could be examined to determine their relative importance

as the rate controlling step in decomposition.

The alkali azides are jonic materials and it is therefore
possible to apply a modified Born model (3) to the calculation of the
cohesive properties of the azides. The major problem in applying this
well established technique to the alkali azides is the development of
a proper form of the azide ion repulsive potential. Three forms of this
potential were examined and applied to the study of the cohesive energies,
lattice parameters, specific volumes, azide liberational frequencies and
elastic moduli in the alkali azides. The form of the azide repulsive
potential was established by fitting to experimental data on KN3 and the
same parameters were used to evaluate the properties of the other alkali
azides. A theoretical analysis of cation diffusion in KN; was carried
out using the same forms of the lattice potential and migration energies
determined in the prior calculations.,

Experimental
a) Crystal Growth (with A. de Panafieu and A. Mandelis)

Potassium azide decomposes thermally in the solid state but the

decomposition rate is low enough that a melt of the azide can be maintained.
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§ The liquid is itself decomposing and strict temperature control is

. needed to prevent uncontrolled decomposition from occurring. The
viscosity of the melt in the narrow temperature window below the onset

of this uncontrolled decomposition is Tow enough that the evolved

nitrogen gas can escape from the melt. As was first demonstrated by
Appelton and Sﬁarma (4) it is possible to use the Kyropolus technique
for growing single crystals of KN3 from the melt. The apparatus used
and the method followed was essentially the same as that used by these
authors. Single crystals of good transparency, exhibiting the expected
symmetry were grown in a series of runs. There, together with samples
supplied by Sharma and other Kyropolus grown crystals produced in
Laskar's laboratory (5) were used in the experimental program.

b) Thermal Decomposition Studies (with A. de Panafieu, T. Russell,
H. Chaya and A. Mandelis)

Thermal decomposition studiés were carried out with the single
crystal or powder samples in a Vac-ion pumped ultra high vacuum system
capable of a base pressure of 10~2 torr. The total pressure in the system
was measured with an ionization gauge in the sample chamber and a U.T.I.
mass spectrometer was used to measure the partial pressure of various
species. Because of low sensitivity at the potassium mass number and
interference due to hydro-carbon molecules, a potassium flux meter (6,7)
was developed and used in later decomposition studies. The decomposition
rate was determined by measuring the change of pressure in the sample
chamber under continuous pumping conditions. The decomposition rate is
then given by: R(t,T) = (KS)(ap/A) molecules cm™2 sec™!,

' where K = 3.27 x 1019 molecules 1-1 torr-!, A is the Area of the sample
in cm2, Ap is the change in pressure in torr and S is the oump speed in

‘i : liter/sec-!.
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Measurement of ap(T) was made either at constant temperature or with the
temperature being varied at a constant rate. Good agreement was obtained

between these two methods indicating that thermal gradients were not

significant in the constant heating rate experiments in which /
(dT/dt) = 0.5 K.s~1. Typical data ap(N,) as a function of temperature

15 shown in Fig., ], which is taken from the paper of de Panafieu et al (8).
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TIG. 1. Texmperature depeadence of the N, partial pressure
for 2 powdsr sample of KN;. O, run #5; ®, run #12,

It is sesn th2t more than one activation energy is associated with the
decomposition process and that the decomposition rate and the energies of
activation were run dependent. The intermediate activat..n energy of

circa 1.35 = 0,05 eV was the least run dependent.
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The presence of three activation energies associated with the
evolution of nitrogen over the range of temperatures examined indicates
that different processes are rate controlling in these temperature zones.
The activation energy of 2.4 + 0.2 eV observed in the high temperature
region is in reasonable agreement with the value of 2.13 eV determined
by Jacobs and Thompkins in the same temperature range. If, as Jacobs
and Tompkins suggested, the activation energy in the high temperature
range is associated with the thermal excitation of an azide ion, other
processes must be rate controlling in the lower temperature regions.
The correspondence between the measured activation energies for nitrogen
evolution and the energies associated with charge transport in KN3 by

(8) E |

potassium vacancy migration may indicate that bulk ionic charge
transport is involved in these low temperature regions. There is, how-
ever, a discrepancy between the "break points" of the activation energy
regions in the ionic conductivity and the gas evolution data that ;
would seem to be outside the joint experimental error. A similar
correspondence between activation energies for conductivity and de-
composition has been reported for NaN; by Tokar et a].(]o)
Data was harder to obtain on the potassium partial pressure

but this also indicated a change in the temperature dependence of this
parameter at about 300°C. Only two reéions could be found due to signal

to noise problems resulting from the potassium partial pressure being

approximately three orders of magnitude lower than that for N,.

Although the high temperature decomposition data is in reasonable
agreement with previous measurements obtained using closed systems rather
than continuous pumping, the behavior at low temperatures has not previously
been chserved. It is known that the presence of gaseous ambients do

influence thermal decomposition behavior. In an attempt to determine if
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the difference between the closed and open system experiments resulted
from the presence of the decomposition products in the former, some
studies were made in the dynamic vacuum system with the sample contained
in a Knudsen cell. In this configuration the sample is in contact with
its decomposition products and the effusion rate from the cell depends
directly upon the decomposition rate. The partial pressure change in the
dynamic vacuum system resulting from this effusion can be measured as
before and used to monitor the decomposition kinetics. The data obtained
monitoring the nitrogen evolution was found to be of the same form as
that shown in Fig. 1 above, the lower activation energy regions found

at low temperatures still being present and the tendency towards higher

decomposition rates and reduced activation energies as a function of

the number of runs still being observed. Potassium evolution from the 1
Knudsen cell was monitored using the fluxmeter. With a fresh single !
crystal specimen very little potassium evolution was observed if the /

cell temperature was not allowed to go above circa 308 + 6°C., If the
sample wa: heated above this temperature, however, the potassium flux
was found to increase by about two orders of magnitude. After this
behavior appreciable potassium evolution was observed at temperatures ]
below the threshold temperature and the nitrogen evolution rate was

also found to have increased by about two orders of magnitude. Removal
of the top from the Knudsen cell allowed more potassium to escape in a
given time and the threshold for the onset of enhanced decomposition was
detectable about 5° Tower in temperature than before. However, with the
potassium allowed to escape from the cell the decomposition rate above
this threshold temperature was found to be only about 25% of that
obtained when the potassium was in pseudo-equilibrium with the crystal

surface. The nitrogen evolution was also lower than found in the capped




o
cell experiments by about a factor of four. This data is in general

(9)

agreement with earlier measurements of Jacobs and Tomkins where the
presence of alkali metal was found to enhance the decomposition rate of
KN3. It indicates that considerable care must be taken in interpreting and
comparing absolute decomposition rates determined under different experi-
mental conditions.

Measurements are currently in progress to determine the effect
of a controlled nitrogen ambient on the decomposition behavior. The
potassium evolution is monitored since the N, background pressure masks
the nitrogen evolution during decomposition. The preliminary data indi-
cates that potassium evolution is reduced by the presence of the nitrogen
ambient. Experiments are in progress to determine if this is due to reduced
decomposition of the sample. If this is found to be the case additional
gaseous ambients that can couple to the vibrational states of the N3 ion

will be investigated as possible decomposition inhibitors.

c) The Effects of Electric Fields on the Thermal Decomposition
(with A. de Panafieu and H. Chaya)

In order to evaluate the role played by the transport of
charge species in the bulk of the crystal during thermal decomposition
and to evaluate the possible role of N§ lifetime on the decomposition
reaction in an azide having Schottky rather than Frenkel lattice dis-
order, a series of experiments were performed in which a constant electric
field was applied to a crystal decomposing at a given temperature. The
resulting changes in the decomposition rate and the ionic conductivity
were measured as a function of time. Upon application of the field, the
ionic current made a step increase with a response time determined by
the associated measuring electronics and then decayed as a function of
time to a temperature dependent steady state value. During this period

the equilibrium pressure in the decomposition chamber increased slowly

T e A T S BT 1 i B S oMb
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with a relaxation time that was essentially the same as that for the

current decay. Typical data (8) is shown in Fig, 2 which clearly
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FIG. 2 Time dependence of the ionic curreat and the asso-
ciated change in pressure for a KNj single crystal upon the
applicatioa of a dc bias.

indicates that no sudden increase of pressure was observed upon the

application of the ¥ield. Due to the limitations of apparatus sensitiv-

ity, these measurements were only possible over the rastricted temperature
region batwszan 300 and 540 K, an jonic current on the order of 10-7 A

being assccizted with 2 change in nitrogen partial pressure of ca. 10-9 torr.
This pressure change had to be measured with the jonization gauge since

the mass spectrogreph induced a current of about 1076 A in the electrometer
circuit, Mass spectrographic analysis of the field enhance decomposition
products was made in separate runs and indicated that once again, N, gas was
being evolved. The changes in the K partial pressure were too low to be de- y

tectable using the mass spectrometer during this experiment.
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Later experiments with a revised electrode configuration and
with the potassium flux meter in the vacuum system enabled measurements
to be made over a wider temperature range and the potassium evolution
to be followed. This series of measurements indicated the same general
behavior for the nitrogen evolution as that discussed above. However,
the evolution fate was found to be sensitive to the prior electric
field history of the decomposing sample. In general, the field enhanced
decomposition rate took longer to reach its saturation value when the
sign of the field was reversed from that of the previcus run. This be-
havior is consistent with the need to establish a polarization field in the
sample before decomposition is enhanced or to reach a certain ad-atom
coverage of the decomposing surface due to bulk transport processes.

Measurements were made of both the nitrogen and potassium
evolution with an electrode configuration that was designed to pemit

decomposition products to escape from only one of the large area crystal

.faces. Nitrogen evolution was found to be enhanced for both signs of

the applied field with the enhancement being the same to within a factor
of two. The evolution of potassium was asymmetric with applied field
direction being greatest when the front surface had a negative polarity
i.e. when the number of potassium ad-atoms on that surface had been
increased by bulk transport processes. The voltage dependence of the
enhanced potassium flux is shown in Fig. 3. A power law fit to the data
for negative polarity indicates a dependence of the potassium evolution
rate on applied voltage varying as the 1.7th power. .

When an insulator was inserted between the sample and the grid
electrode so that no steady state current could flow, no field enhanced
decomposition was observed. With a non-blocking electrode configuration

the ratio of the additional number of nitrogen molecules leaving the
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Fig.3. Dependence of Potassium Flux on the sign of
the applied voltage during thermal decomposition.

surface due to the applied field,to the bulk charge flow was on the order
of unity over a wide température range. This fact'together with the
observed asymmetry of the potassium evolution suggests that the field
contribution to decomposition arises from a solid state electrolytic
behavior. If this is correct then the rather symmetric enhancement of

the nitrogen evolution rate for both signs of applied field may be due

to the following processes. With the dacomposing surface negative,
positive ion vacancies are moved away from this region and the surface
obtains an excess of potassium ad-atcms. It has been indicated by the

(1)

measurements o7 both Garner and Marke and Jacobs and Tompkins (9)

that excess petassium on the surface increases the decomposition rate.

The enhanced evciution of nitrogen gas observed in the present measurements
under negative voltage conditions would therefore be due to this excess
potassium, whicn viould be maintained at the surface in concentrations

dependent upon the bulk ionic current and the potassium evaporation

kinetics. For the decomposing surface positive, the flux of potassium

R — M
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ion vacancies is towards the decomposing surface. This flux has the
“ effect of creating an excess concentration of azide ad-atoms on the
e surface which must be responsible for the increased decomposition rate
under this sign of the field. In this case, the high field at the surface
may assist in removing the electron from the azide ion to the electrodes.
This would be consistent with the observation that decomposition in the

presence of the field occurs preferentially at those regions of the

surface under the electrode grid where the field is highest.

Theoretical (with A, Danemar and D. 0. Welch)

a) The azide repulsive potential and Schottky formation and migration
energies

The alkali azides represent an ionic system that is more

) complicated to treat theoretically thar the alkali halides due to the
non-spherical shape of the Azide ion. The Born approach (19) to the
evaluation of the cohesive energy and energies of defect formation and
migration etc., can however be applied if such a potential is developed.

(13) treated the azide ion as

Initial calculations by Gray and Waddington
an ellipsoid of revolution as far as its repulsive interaction was concerned.
This is not a good approximation to the electron density distribution on

the azide ion and in an attempt to obtain a repulsive potential that better
fitted this distribution and which could be applied to a series of alkali

azides, a double spherical potential was developed (]4).

This potential

was used in calculations of the energies of Schottky pair formation and

cation migration in potassium azide. For comparison purposes the calculations
were also performed using the original Gray and Waddington repulsive

potential and a modified version of this potential designed to provide

l a better fit to the equilibrium unit cell volume and elastic properties

s A
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of KN3. In calculating the lattice properties Coulambic, repulsive,
van der Waals and polarization energy contributions were taken into
account.

The potential energies required to form K* and N3 vacancies and
k* saddle point configurations for motion along the <110> and <001>
directions were also calculated. The calculation involved treating the
defect formation energy in a rigid crystal with unpolarized ions and
then adding contributions to the total formation energy arising from
ionic relaxation and crystal polarization. Only nearest neighbor
positional relaxations were taken into account. For the azide ions
these relaxations involve angular displacements as well as the motion
of the center of mass. Again these calculations were performed using the
three forms of the azide repulsive potential. Tables 1 and 2 summarize

the results of these calculations.

b) Cation Diffusion in Potassium Azide

The diffusion of potassium tracers in KN3 has been measured by
Sharma and Laskar (]5). The above theoretical calculation indicated that
there is a significant anisotropy in the cation vacancy migration energy
in KN3 with the <001> direction having the lowest energy for both the
modified Gray and Waddington and the Dispherical forms of the azide
repulsive interaction. In order to provide more insight into the dif-

(16)

fusion data a calculation was performed of the temperature dependence
and anisotropy of the tracer self diffusion coefficient of potassium ions
in KN3. A vacancy mechanism was assumed to be operative. The calculation
was performed in the spirit of a treatment of isotropic materials due to

17)

Mullen ( but with the anisotropy of KN3 taken into account. For motion

along the c-axis the cation sites form a one-dimensional chain and for a
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vacancy méchanism the correlation factor is zero. Matter transport along
this direction must therefore involve vacancy jumps in the basal planes of
the tetragonal KN3 structure and motion along the <110> directions will
therefore play a dominant role in determining the diffusion rate for

tracers parallel to the c-axis.

c) Born Model Calculations of the Properties of the Alkali Azides

The success of the above calculations in describing the behavior
of KN3 indicated the desirability of extending the Born approach to other
members of the family of the alkali azides but using the potentials de-
veloped for the azide ion in the KN; calculations. Such calculations
were performed (18) to obtain the cohesive energies, lattice parameters
and specific volumes of NaN3, RbN3 and CsN3 as well as KN3. Lattice
stability to small deformations was also investigated. NaN; has a
rhombohedral structure and it was found that only the Double Spherical
forms of the azide repulsive interaction gave good agreement for this
azide lattice as well as for the tetragonal structures possessed by the
other members of the family. Since properties depending upon the second
derivative of the potential are a more sensitive test of its validity,

calculations were also made (19)

of the azide librational frequencies and
the elastic moduli for NaN3, KN3, RbN3 and CsN3, using the same modified

Born model discussed above. These calculations also favor the dispherical
form of the azide repulsive potential over the elipsoidal form, either in
its original Gray and Waddington formulation or with a modified stiffness

parameter,




T —

-14-

energy (eV)
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Table 2. Components of the energies of cation saddle
point formation and vacancy migration
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