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Electron-spin-resonance (ESR) spectra were measured on NaN3 single crystals, uv irradiated at 77 K, and

correlated with the optical-absorption spectra described in the preceding paper. A new ESR spectrum is

observed, corresponding to spin S = 1 in three inequivalent sites. The growth and decay of the spin-1 spectrum
correlate, respectively, with the fast and slow annealing stages of the 565-nm optical absorption band, which

occur below and above 220 K. The 565-nm band is attributed to spin-1/2 defects which form

antiferromagnetically exchange-coupled pairs, and several models for these defects are considered. The 19-line
F-center ESR spectrum correlates only with the less-stable component of the 735-nm band. The prominent

single ESR line which remains after annealing of the 19-line spectrum is not correlated with the 610-nm band,
contrary to previous reports.

I. INTRODUCTION

The crystal structure and properties of NaN,
were described in the previous paper. ' The elec-
tron-spin-resonance (ESR) spectra of radiation-
induced defects in NaN, were investigated by Miller
and eo-workers at Fort Belvoir, Va. ,

' ' and by
Gelerinter and Silsbee. ' " Miller and co-workers
correlated a 19-line ESR spectrum in uv-irradiated
NaN„which they attributed to the g center, with
an optical-absorption band at 735 nm. " They also
reported a single ESR line, which remains after the
p center is annealed. On the basis of its annealing
behavior at room temperature, they correlated
this ESR line with a 610-nm optical-absorption
band which they attributed to the g,' center. '

These correlations are reexamined in the present
work. In addition, three new ESR spectra are re-
ported. These include a six-line spectrum, pro-
duced by uv irradiation at 77 K and subsequent
thermal treatment, whose relation to the optical
spectra reported in the previous paper' is dis-
cussed.

Experimental procedures are described in Sec.
II, and results presented in Sec. III. Possible in-
terpretations of the defect structure are considered
in See. IV.

II. EXPERIMENTAL PROCEDURES

ESR measurements were made on both the rela-
tively thick single crystals of NaN, used for optical
measurements' and thinner crystals grown by
O. R. Gilliam at the University of Connecticut, with
equivalent results. The crystals were mounted,
either flat or on edge, on the end of a brass rod,
and were uv irradiated at 77 K. They were sub-
sequently transferred to the microwave cavity of
a Varian E-3 ESR spectrometer without apprecia-
ble warming. Pulsed-annealing experiments were

performed with the variable-temperature acces-
sory. The annealing procedure followed was sim-
ilar to that for the optical measurements described
in the previous paper, ' except that ESR measure-
ments were made at 90 K rather than 77 K. In ad-
dition, some measurements were made at 4.2 K
with a Varian E-12 ESR spectrometer.

III. EXPERIMENTAL RESULTS

After uv irradiation at VV K, single crystals of

NaN, were subjected to a series of isochronal
pulsed anneals, each for 5 min, at 20-K intervals
between 100 and 280 K. The ESR spectra were
measured at 90 K after each anneal. Several dis-
tinct ESR spectra produced in this manner are de-
scribed below.

The most prominent spectrum observed after uv

irradiation is the 19-line spectrum which was de-
scribed by Carlson et al. ' who attributed it to the
p center. This spectrum is observed to anneal
between 100 and 180 K, as shown in Fig. 1. This
figure also shows the difference between the optical
density of the 735-nm band at each temperature
and that at 180 K; i.e. , it shows the annealing of
the less-stable component of the 735-nm band. It
can be seen from Fig. 1 that this component of the
735-nm band correlates very well with the 19-line
spectrum, in confirmation of the conclusion re-
ported previously by King et al. '

The ESR spectrum which remains after the 19-
line spectrum has annealed is shown in Fig. 2 for
H parallel to the hexagonal e axis. This spectrum
is apparently present at 77 K, but is obscured by
the 19-line spectrum. ' The three distinct lines ev-
ident in this spectrum are found to be associated
with three difIerent defects, and will be described
separately.

The most prominent of these lines, with a width

of 15 0, has essentially axial symmetry about the
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TABLE I. Spin-Hamiltonian parameters for S = q ESR
spectra. These spectra have axial symmetry about the
hexagonal e axis.
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c axis with the g values listed in Table I. The an-
nealing behavior of the prominent single line was
studied by first warming a uv-irradiated NaN3
crystal directly to 180 K for 10 min in order to
eliminate the 19-line spectrum, and by subsequent-
ly subjecting the crystal to 5-min isochronal pulsed
anneals at 20-K intervals between 180 and 280 K.
The intensity of the ESR line is compared with the
optical density of the 610-nm band as a function of

FIG. l. Intensities of the 19-line E-center ESB spec-
trum and the prominent single ESR line of Fig. 2 are
compared, respectively, with the relative optical den-
sities of the 735-nm band and the 610-nm band as func-
tions of annealing temperature for 5-Inin isochronal
pulsed anneals. The optical density of the 735-nm band
for 180 K was subtracted from the values for lower an-
nealing temperatures, and the difference was normalized
to unity at 77 K. The 19-line ESB spectrum and the
610-nm band were also normalized to unity at 77 K, while
the single ESB line was matched to the 610-nm band at
180 K.

annealing temperature in Fig. 1. It is apparent
from Fig. 1 that the annealing of the single ESR
line does not correlate in detail with that of the
610-nm band, contrary to the conclusion of
King et gl.,

' although both anneal in roughly the
same temperature range. This observation was
corroborated by further measurements which
showed that the 610-nm band anneals much more
rapidly than the single ESR line at 270 K. Further-
more, room-temperature x-ray irradiation was
found to generate the single ESR line without the
610-nm band.

The set of isochronal pulsed anneals above 180 K,
employed in studying the annealing behavior of the
prominent single ESR line, also revealed a new

ESR spectrum, corresponding to a center with spin
$'= 1 in three inequivalent sites. This spectrum is
shown in Fig. 3, together with the single ESR line,
for orientation of the magnetic field parallel to the
hexagonal c axis. The spin-one spectrum appears
as the two outer lines in Fig. 3, with peak-to-peak
linewidth of 25 G, and breaks up into six lines at
other magnetic field orientations. Spectra were
recorded at 2 intervals on x-ray-oriented samples,
and spin-Hamiltonian parameters were obtained by
a least-squares fit to a spin Harniltonian of the
form

X~ = p. ~[ gj7g, gSi+ g~(H„.S„i+H~.S,r)]

+ D[Sg" ——,'S(S+ 1)].

HIJc

FIG. 2. ESB spectrum of uv-irradiated Naw& for H

parallel to the e axis, after warming to 180 K to remove
the 19-line spectrum.

FIG. 3. ESB spectum of uv-irradiated NaN& for H

parallel to the c axis, after warming to 220 K. The two
outer lines constitute the spin-1 spectrum. The prom-
inent central line is identical with that shown in Fig. 2.
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TABLE II. Spin-Hamiltonian parameters for S = i ESR
spectra associated with three inequivalent sites. Polar
angles 8' and P' refer to the orientation of the unit, ue
principal axis of the g tensor, while angles 8 and P give
the orientation of the effective crystal field (pair axis).

Sites 2 and 3

I2 l.Q:—
Q.
IX
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o -565-nm ban

s -Spin-one E
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2.0038 + 0.00k
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00
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0
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00
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The spectrum corresponding to each site appears
to have nearly axial symmetry about an axis tilted
approximately 30' vrith respect to the p axis; the
symmetry axes for the three sites are separated
in azimuth by approximately 120' and are nearly
parallel to edges of the rhombohedral unit cell
shorn in Fig. 1 of Ref. l. However, the principal
axis for gi~ does not coincide with that for the zero-
field splitting parameter D. The optimum spin-
Hamiltonian parameters and precise principal axis
orientations for the three sites are listed in Table
II. The angular variation of the magnetic field re-
quired for resonance„calculated from these pa-
rameters, is compared with experiment in Fig. 4.
It should be observed in connection with these data
that two types of twinning can occur in NaN, : One

type is present in the rhombohedral phase, and can
be described as a rotation of one crystal with re-
spect to another by 30 about the c axis. The sec-
ond type appears only ln the monocllnlc phase;

FIG. 5. Intensity of the spin-1 ESH spectrum and

relative optical density of the 565-nm band as a function
of annealing temperature f'or 5-min isochronal pulsed
agneals. The 565-nm band is normalized to unity at
77 K, and the ESH line at 220 K.

there are three possible orientations of the mono-
cUnic b axis perpendicular to the c axis (see Fig. 2

of Ref. 1), and different orientations can occur in
successive layers perpendicular to the g axis. The
data shown in Fig. 4 correspond to a single mono-
clinic crystal whose 5 axis is perpendicular to the
plane of the magnetic field. Much weaker ESR

2e

~ O.l-

3200
(

3 IOO

I I I

FIG. 4. Angular dependence of the spin-1 ESH-spec-
trum, calculated from the spin-Hamiltonian param-
eters of Table II. The data are shown as circles. The
field required for resonance is shown as a function of
polar angle 0, for H in the yg plane of Fig. 1 of Hef. l.

TI ME (min}
FIG. 6. Fast annealing stage of the 565-nm band and

growth of tile spin-1 ESH spectrum. (a) The difference
bebveen the optical density of the 565-nm band and its
asymptotic value a,s a function of tUYle fo1 sevel"al dis-
crete temperatures. (b) The difference bebveen the
asymptotic intensity of the spin-1 ESH spectrum and its
intensity at time t for several discrete temperatures.
Both curves are normalized to unity at t =0.
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FIG. 7. Fast annealing rate for the 565-nm band and
growth rate for the spin-1 ESH spectrum as a function
of temperature. Each datum point corresponds to one
curve of Fig. 6. The activation energy and frequency
factor derived from the slope and intercept of this
curve are listed in Table III.

spectra corresponding to both types of twins were
also observed.

The dependence of the intensity of the spin-1 spec-
trum on annealing temperature is shown in Fig. 5,
where it is compared with the optical density of the
565-nm band. It is evident that the two spectra are
related in a complex way. The temperature de-
pendence of the spin-1 spectrum was investigated
further by measuring its intensity as a function of
time at several fixed temperatures. It was found
that the growth and annealing of this spectrum are
sufficiently well-separated in temperature to be
studied independently, and that they correlate re-
spectively with fast and slow annealing stages of
the 565-nm band. ' The growth and annealing data
for the ESR spectrum are summarized and com-
pared with optical annealing data in Figs. 6-9,
from which it is evident that both stages follow
first-order kinetics. The rapid annealing of the
565-nm band is exponential in time, while the
growth of the spin-1 ESR spectrum is a saturating
exponential. Both processes are characterized by
the same rate constant o. , which has temperature
dependence of the form,

~e-E/k 1'

0 20 40 60
TIME (min)

FIG. 8. Slow annealing stage of the 565-nm band and
annealing of the spin-1 ESR spectrum. (a) Relative op-
tical density of the 565-nm band as a function of time
for several discrete temperatures. (b) Relative inten-
sity of the spin-1 ESR signal as a function of time for
several discrete temperatures.
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FIG. 9. Slow annealing rate for the 565-nm band and
annealing rate for the spin-1 ESR spectrum as a function
of temperature. Each datum point corresponds to one
curve of Fig. 8. The activation energy and frequency
factor derived from the slope and intercept of this
curve are listed in Table III.
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with frequency factor s and activation energy E.
Approximately 25% of the 565-nm band anneals in
the fast stage. The fast annealing stage is accom-
panied by a slight but discernable qualitative change
in the residual band, which is broadened from 0.46
to 0.49 eV and shifted slightly to shorter wave-
length as shown in Fig. 10. The slow annealing of
this residual band is accompanied by annealing of
the spin-1 spectrum. Both processes have expo-
nential time dependence characterized by the same
rate constant, again with the temperature depen-
dence of Eq. (2). Activation energies and frequency
factors for the fast and slow processes are listed
in Table III. The association of the spin-1 spec-
trum with the 565-nm band is well established by
these data.

The intensity of the spin-1 spectrum was mea-
sured at 4.2 K, and was found to be smaller by a,

factor of 10 than would be expected on the basis of
its intensity at 77 K. It was established that this
effect is reversible, and is not due to power satu-
ration.

The relatively weak, broad single line on the
high-field side in Fig. 2, of width 40 G, grows non-
linearly with dose, being relatively more intense
in heavily irradiated samples. It has axial symme-
try about the c axis, with g values listed in Table
I. The time dependence of annealing of this broad
line was measured at 200 K, and was found to be
correlated with the rapid annealing stage of the
565-nm band and the growth of the spin-1 spectrum.

l.0

K
Q 0.8
Q.
IX

(0 06
~C

TABLE III. Activation energies and frequency factors
for the growth and decay of the spin-i ESR spectrum,
which correlate, respectively, with the fast and slow
annealing stages of the 565-nm band. These data are
derived from Figs. 7 and 9.

Growth of 8 = i
a,nd fast stage

Decay of 8 =1
and slow stage

Z (eV)
s (sec ')

0.64 +0.05
t x10

0.90 + 0.05
5~ f016

The weak narrow band which appears as a, shoul-
der on the low-field side of the prominent single
line in Fig. 2 is part of a spectrum with a highly
anisotropic g tensor which reveals a resolved five-
line hyperfine structure in some orientations. This
spectrum is relatively persistent in annealing, and
is still apparent after warming briefly to room
temperature. The angular variation of this spec-
trum is difficult to follow in uv-irradiated NaN, .
The same spectrum has been observed much more
clearly in x-ray-irradiated NaN»" and will be de-
scribed in a separate publication.

IV. DISCUSSION

In the absence of resolved hyperfine structure,
it is not possible to make a positive identification
of the defect responsible for the spin-1 ESR spec-
trum. However, the available evidence points
strongly to the conclusion that this spectrum arises
from exchange-coupled pairs of spin--,' defects.
According to Table II, the axes for the zero-field
splitting parameter D are oriented approximately
parallel to primitive lattice vectors (the edges of
the rhombohedral unit cell in Fig. 1 of Ref. 1),
while the principal axes corresponding to g~~ are
all tilted in one direction in the crystal, the same
direction in which the azide ions are tilted by
monoelinic distortion. " These geometrical rela-
tions suggest that the spin- —,

' defects occupy equiv-
alent sites in contiguous unit cells; see Fig. 11.
The spin-Hamiltonian for exchange-coupled pairs
ls

0.2

&=JS, S,+ P. sH g ~ (8, +S,)

+D,(3s„s„-s,s,),

2.8
PHOTON ENERQY (eV)

FIG. 10. 565-nm band. (a) Solid curve: before the
fast annealing stage and (b) dashed curve: after the fast
annealing stage.

where the terms on the right-hand side, listed in
descending order, are the isotropic exchange in-
teraction, the Zeeman interaction, and the dipolar
interaction. (The latter ma, y also include a contri-
bution due to anisotropic exchange, which we will
neglect. ) The isotropic exchange interaction alone
is diagonal in the coupled representation, yielding
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FIG. 11. Model for the spin-1 spectrum of Figs. 3 and
4: exchange-coupled pairs of spin-z defects which sub-
stitute for the azide ions shown.

unperturbed energies

(4)

I = e-~&&r/(I q 3e ~&&r) (6)

By comparing the relative intensities of the spin-1
ESR spectrum at 4.2 and 77 K, one can infer the
value J= 10+ 1 cm ' for the isotropic exchange in-
teraction.

The curious temperature dependence of the spin-
1 ESR spectrum, and the nature of its relation to
the optical density of the 565-nm band, suggest that

and the remaining terms can be represented with-
in the triplet manifold in the form of Eq. (1), with

(5)

The small anisotropy of g has been neglected in
Eq. (5). If we assume that the separation of spin--,'

defects equals the rhombohedral unit cell edge
length 5.488 .%, Eq. (5) yields D = —168 G, in good
agreement with the values listed in Table II.

The diminished intensity of the spin-1 spectrum
at 4.2 K reveals that the exchange interaction is
antiferromagnetic; i.e. , the S = 1 states lie above
the S=0 state and are thermally populated. The
relative population of one component of the S = 1
manifold is given by"

the 565-nm band produced by uv irradiation at 77 K
may be associated with isolated spin--,' defects
which subsequently aggregate during the fast-an-
nealing stage to form exchange-coupled pairs. The
optical-absorption spectrum of the exchange-cou-
pled pairs is only slightly perturbed from that of the
the isolated defects, which accounts for the altered
appearance of the 565-nm band as shown in Fig. 10.
The loss of intensity of the 565-nm band during the
fast-annealing stage may simply reflect a small
change in oscillator strength; alternatively, some
defects may be lost in the process of aggregation.
Ample precedent has been established for ex-
change-coupled pairs of trapped holes in the ox-
ides, ""and, in particular, a similar modification
of an optical-absorption band has been observed in
the analogous transformation from V to V' cen-
ters in MgO. "

The only spin--,' ESR spectrum which is observed
to anneal during the fast-annealing stage of the
565-nm band is the broad single line on the high-
field side in Fig. 2, whose intensity is not com-
parable with that of the spin-1 spectrum which re-
places it. Thus an ESR spectrum corresponding to
the isolated spin--,' defects which coalesce to form
exchange-coupled pairs is not in evidence. One
cannot argue conclusively from the absence of an
ESR spectrum, since a deviant spin-lattice relaxa-
tion rate may render it unobservable; e.g. , the
ESR spectrum of isolated substitutional N, in
x-ray irradiated NaN, is invisible at 77 K. Never-
theless an alternative model is suggested by the
following considerations: Both isolated substitu-
tional N, ions' and nitrogen atoms' are produced
by x-ray irradiation of NaN„presumably by the
dissociation of single azide ions. Neither of these
defects is produced in appreciable abundance by
uv-irradiation at 77 K, which is consistent with
the postulate that uv photolysis proceeds instead
by a bimolecular reaction involving two adjacent
azide ions. It seems probable that in some frac-
tion of cases molecular fragments are left behind
in the double anion vacancies thus formed in a
plane perpendicular to the c axis; i.e. , with the
conformation shown in Fig. 9 of Ref. 1. The ex-
change coupling in this case would be much strong-
er than for the conformation shown in Fig. 11; an
isotropic exchange interaction of several hundred
cm ' would leave the pair in a singlet state at all
relevant temperatures, thus accounting for the ab-
sence of an ESR spectrum associated with an iso-
lated spin--,' defect. In this alternative model, the
appearance of the spin-1 ESR spectrum corre-
sponds to a stage in the dissociation of exchange-
coupled pairs, rather than to aggregation of iso-
lated defects.

On either model, the 565-nm band is associated
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with a component defect with 8=-,', but, in the ab-
sence of a corresponding ESR spectrum, we must
rely on the spin-1 ESR spectrum (pair spectrum)
for information about its properties. Since any
hyperfine splitting must be accommodated within the
observed linewidth of the pair spectrum (but with
the hyperfine constants reduced by a factor of 2),"
it seems probable that the component defect con-
sists only of some combination of nitrogen atoms.
Furthermore, its insensitivity to internal photo-
emission in "old" crystals, ' and its propensity to
aggregate, suggest that the defect is neutral with
respect to the lattice. The precedent of exchange-
coupled pairs of holes trapped at cation sites in
the oxides suggests a similar model for the pxesent
defect. However, since a valence-band hole in
NaN 3 can be des cribed alternate ly as N, at an anion
site, which has a w' ground configuration, its ESR
spectrum should exhibit a positive g shift, con-
trary to what we observe in the pair spectrum.
Other spin--,' molecular ions which have been de-
tected in alkali azides by ESR include N, ,

'" "
N, " and N, ' "'"all of which have negative

g shifts.
The 565-nm band in NaN, closely resembles a

565-nm band in uv-irradiated KN„which has been
tentatively associated with N, in an azide-ion va-
cancy. The molecular axes of the N, ions in KN3

are oriented perpendicular to the tetragonal e ax-
is, and the 565-nm band is polarized perpendicular
to the c axis, in contrast to the situation in NaN3,
where both the N, molecular axis and the polariza-
tion of the 565-nm band are parallel to the hexa-
gonal p axis. In KN„ there is a thermally-activa-
ted transformation from N, to N, on warming to
room temperature, which suggests aggregation of
the N, ions. Aggregates of N, ions in NaN, could
occur as exchange-coupled pairs instead. Substi-
tutional N, , which has the additional virtue that
it is neutral with respect to the lattice, would pro-
vide the simplest model for the required spin--,'

defect. Its ESR spectrum' is not observed even at
4.2 K in uv-irradiated NaN„but this couM be ex-
plained by the alternative model of strongly ex-
change-coupled pairs. The N, model has a num-
ber of additional difficulties, however. A very
large crystal-field splitting of the degenerate n

level, arising from lattice distortion associated
with pair formation or off-center positions of the
ions, would be required in order to produce as
small a g shift as that observed in the spin-1 spec-
trum (-0.01)." The anion site has nearly axial
symmetry, with the consequence that isolated sub-
stitutional N, has a much larger g shift (-0.25).'
Also, a molecular-orbital calculation with con-
figuration interaction" for free N, indicates that
the 'll„-'II, transition energy is closer to 4.8 eV

than to 2.2 eV as required for the 565-nm band,
and this conclusion appears to be supported by in-
elastic electron-scattering experiments. " Finally,
a single crystal of NaN, was subjected to prolonged
x-ray irradiation at room temperature to produce
an intense N, ESR spectrum' at 4.2 K, and it was
established conclusively that no visible optical ab-
sorption with either polarization could be associa-
ted with this defect. (This observation would ap-
pear to rule out N, as the source of the 565-nm
band in KN, as well as in NaN, .)

Substitutional N4 is also neutral with respect to
the lattice, and the g values for its ESR spectrum"
in KN, resemble those for the spin-1 spectrum in
NaN, . However, in contrast to the present defect,
the principal axis associated with the greatest
negative g shift in N4 is perpendicular to its tran-
sition moment for optical absorption, "which would

appear to rule it out.
The remaining molecular ion, N, , is an inter-

esting possibility. Its reported g values in' BaN,
and KN3 are c1ose to the free-electron value as a
consequence of a bent ground-state configuration,
and resemble those for the spin-1 spectrum in
NaN, . The long axis of the molecule would have to
be perpendicular to the hexagonal p axis in NaN, in
order to provide the observed g values. Conceiv-
ably, the N, ' ion occupies a pair of adjacent an-
ion sites in a plane perpendicular to the c axis,
which wouM make the defect neutral with respect
to the lattice. The exchange-coupled pairs of de-
fects would then involve a cluster of four anion
sites. Unfortunately, the N, ' model is open to the
same objection as the N, model, in that its ESR
spectrum in KN, (whose identification remains
somewhat controversial)" reveals that the princi-
pal axis associated with the greatest negative g
shift is parallel to the tetragonal q axis, and no
optical absorption is detected with that polariza-
tion. "

Another spin--,' defect to be considered is cyclic
N, which has been identified in NaN3 and KN3,

"
on the basis of far-infrared spectra of isotopically
enriched samples. However, the pulsed annealing
of the cyclic N, infrared spectrum in NaN, was
found to correlate with the 610-nm band rather
than the 565-nm band. "

Inhomogeneous pairs such as N3 N3 or N2 N4
could also account for the spin-1 spectrum, with

j replaced by —,'( j,+g,) in Eq. (3). However, these
combinations are open to many of the same ob-
jections as the homogeneous pairs already con-
sidered.

In spite of the success of the point-ion model for
the I', ' center, and the abundance of ESR spectra,
it is now apparent that no spin--,' ESR spectrum has
been observed which corresponds to this center.
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However, as noted previously, one cannot argue
conclusively from the absence of an ESR spectrum.
The single, prominent ESR line in Fig. 2, which
had previously been thought to correlate with the
E,' centex, ' remains to be identified. Its annealing
behavior resembles thatof the persistent compon-
ent of the 735-nm band, ' which may correspond to
perturbed P centers, although its narrow linewidth
is difficult to reconcile with such a model. This
correlation is too imprecise for a conclusive iden-
tification at present.

In summary, the 565-nm band in uv-irradiated
NaN, is associated with antiferromagnetically ex-
change-coupled pairs of spin--,' defects. None of
the models considered for these component defects

is entirely satisfactory. The prominent single ESR
line does not correlate with the 610-nm band (F,'
center) as previously reported. ' The 19-line F
center ESR spectrum correlates with the less-
stable component of the 735-nm band.
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