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Trapped nitrogen atoms and Ny~ molecule ions have been detected in potassium azide (KNj) by electron
spin resonance measurements at 77°K following gamma-ray irradiation at this temperature. The nitrogen
atom has effective spin S=3, and each fine structure component shows the hyperfine pattern of a single
N nucleus. The atoms are trapped in two magnetic sites having rhombic symmetry which are equivalent
under a 90° rotation about [0017]. Choosing z|[[110], #|[[110], and »|[[001], the results can be fitted to
the spin-Hamiltonian, 3¢=|8|H-g-S+DS2+E(S.2—S,2)+A4I-S, where g=2.00140.001, D=+40.0143
+0.0001 cm™?, E=—0.00199-£0.00002 cm™, and 4 =0.0005140.00002 cm™1. The other defect, attributed
to N2~, has a spectrum characteristic of a single unpaired electron and a hyperfine pattern corresponding
to two equivalent nitrogen nuclei, and is located in two equally populated magnetic sites related by a 90°
rotation about [001]. For one site and the same choice of axes, g-=2.0012£0.002, g,=2.00120.001, and
2.=1.984-£0.001; 4,=0.00062£0.0002 cm™! and 4,=A4,=0.00037+0.00002 cm~*. The annealing behavior
of these defects is related to the growth of the N, molecule ion previously reported.

UNDAMENTAL to the study of radiation effects
in solids is the determination of the various atom
configurations which result from the primary radiation-
damage event. The energetic recoils produced by, e.g.,
1-Mev neutrons, eject roughly 10° atoms from their
normal lattice position and except for simple defects on
their periphery, the resulting radiation-damage regions
are expected to be very complicated. In pseudostable
materials, such as the potassium azide (KN3) described
here, radiation damage can be formed by purely
lonizing radiation, even by ultraviolet light. Clearly,
one would like to determine the nature of the damage
regions produced by ionization alone. Since they most
likely involve only small numbers of atoms, it is
expected that they can be completely characterized by
electron spin resonance (ESR) and optical measure-
ments. Furthermore, since N gas is evolved from
heavily irradiated KNy, it is essential to know if only
gas molecules are formed during the ionization event,
or if other defects are formed simultaneously or as
precursors to the gas molecule formation.

An ESR attributed to a single defect consisting of a
linear N4~ molecule ion in potassium azide was previ-
ously reported.! This N4~ defect is formed by ultraviolet
light or Co® gamma-ray irradiations at room temper-
ature. New ESR measurements on KNj crystals exposed
to 10° r of Co® gamma rays at 77°K and observed
prior to warmup show several additional defects. Two
of the new defects, described here, are identified as
trapped nitrogen atoms and Ny~ molecule ions. The

* Work supported by the U. S. Atomic Energy Commission
contracts with the University of Connecticut and Brookhaven
National Laboratory.

1 On sabbatical leave from the Department of Physics, Uni-
versity of Maine, Orono, Maine.

{ Now at the United Aircraft Research Laboratories, East
Hartford, Connecticut.

LA. J. Shuskus, C. G. Young, O. R. Gilliam, and P. W. Levy,
J. Chem. Phys. 33, 622 (1960).

concentration of each of these defects is several times
larger than the concentration of the N4~ defect following
gamma-ray irradiations at 77°K. When potassium
azide crystals are irradiated with ultraviolet light at
77°K from a high-pressure mercury vapor lamp, the
Ny~ and N4~ molecule ions are easily produced, but the
nitrogen atoms are not observed. A comparison of the
ultraviolet light and gamma-ray irradiations shows
that the ratio of N4~ to N3~ is noticeably larger for the
ultraviolet light irradiations.

The trapped nitrogen atoms, produced by gamma-ray
irradiations, reside in two magnetic sites which are
equivalent for 90° rotation of H, about the ¢ axis. For
each site there are three, easily power-saturated, fine
structure lines corresponding to an effective spin of .
The fine structure arises from zero-field splitting of the
1Sy ground state of atomic nitrogen. The g value is
isotropic within experimental error, which signifies
negligible spin-orbit interaction as is expected for an
S state.

To explain the spectra of atomic nitrogen in nonionic,
partially ordered frozen gases, Cole and McConnell®
have proposed that small zero-field splittings are caused
by axially symmetric crystalline fields. In the ionic
KN3s, however, the crystalline environment of the
trapped atoms is observed to be rhombic and the large
over-all splitting along [1107is 0.0572324-0.00005 cm—".
Evidence of trapped nitrogen atoms in x-ray-irradiated
sodium azide has been reported by King et al.;* but
with no indication of fine structure. The present authors
have observed fine structure of nitrogen atoms in irra-
diated sodium azide and will report upon it at a later
date.

The resonances of the trapped nitrogen atoms are
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Fic. 1. First derivative of ESR spectra in KN; following
gamma-ray irradiations at 77°K with H, along [001], recorded
at 9.2 kMc/sec with different microwave powers; (a) 0.002
milliwatt, (b) 0.2 milliwatt, (c) 20 milliwatts. (All spectra are
not to the same vertical scale.)

shown in Fig. 1(a) for H, parallel to the ¢ axis, for
which orientation the spectra of the two magnetic sites
are superposed. Each fine-structure line is split by
interaction with the N nucleus into three equally
spaced, equally intense hyperfine lines. This splitting
is 5.540.2 gauss and is isotropic, which is typical of
hyperfine splittings reported for atomic nitrogen in
other surroundings.?* The linewidth between inflection
points is 2.140.2 gauss.

If we choose the z axis along [1107], the x axis along
[1107, and the y axis along [001], the experimental
results can be represented by the spin Hamiltonian,

3e=|B8|H-g-S+DS +E(S2—S,)+AI-S,

with S=3, where £=2.0014-0.001, D=-0.0143
+0.0001 cm™, E=—0.001994-0.00002 cm™, and 4
=0.000514-0.00002 cm.

Since g appears isotropic, the above g value was
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estimated from the experimental data and was used to
compute the magnitudes of D and E. The sign of D was
determined by measuring the relative intensities of the
high-field line to the low-field line at both 77°K and
4.2°K and the sign of £ made to match the data.
These parameters not only give a good fit along the
principal axes but in other directions as well. The
computed and the experimental angular variations
agree within 19,. At 4.2°K the g value, fine structure
splitting, hyperfine splitting, and linewidth agree with
the values obtained at 77°K. All observations were
made at about 9.2 kMc/sec using a superheterodyne
spectrometer.

The paramagnetic center attributed to nitrogen
atoms appears stable at 160°K but disappears com-
pletely at 196°K. The trapped atoms are not detected
following irradiations with ultraviolet light at 77°K.
Since a high-energy radiation is required to generate
this defect, the trapped atoms could be located inter-
stitially. A site which would exhibit the proper sym-
metry is an interstitial position between two cations
lying parallel to the (001) plane; however, other
positions cannot be ruled out, as, e.g., an azide ion
vacancy.

The other defect, identified as Ny, has spectra
characteristic of a single unpaired electron associated
with a pair of nitrogen nuclei in two equally populated
magnetic sites. These sites are equivalent under a 90°
rotation of the magnetic field about the ¢ axis. For
each magnetic site one would expect five equally spaced
hyperfine lines with an intensity ratio 1:2:3:2:1. This
intensity ratio is observed for H, parallel to the ¢ axis.
For this orientation the spectra of the two sites coincide,
and appear prominently with respect to the Ny~
resonances on the high-field side and with respect to
broad resonances of an unidentified defect [Fig. 1(c)].
Since the hyperfine splitting is a maximum for H, along
[110] or [1107], the N3~ molecular axis is known to be
in either of these directions. For one magnetic site and
the same choice of axes as used to describe the nitrogen
atoms, the measured values of the g tensorare: g,=2.001
+0.002, g,=2.00140.001, and g,=1.9844-0.001. The
corresponding hyperfine splittings are: A4.=0.0006
+£0.0002 cm™* and A4,=4,=0.0003720.00002 cm~.
Measurements for Hy along the x axis are less accurate
since the spectra of Ny~ and N4~ overlap for this orien-
tation. These measurements are facilitated, however, by
the greater abundance of Ny~ defects following the gam-
ma-ray irradiation and by the fact that the N4~ spec-
tra are well known.

Following irradiations with gamma rays at 77°K,
the spectra due to N4~, N5, and nitrogen atoms are all
present [Fig. 1(b)]. When the crystal is warmed to
196°K, the spectrum due to the nitrogen atoms disap-
pears while the intensity of the Ny~ increases by a
factor of 5 and the intensity of the N3~ increases by a
factor of 2. Further annealing at 196°K shows that the
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intensity of the N, is increasing while the intensity of
the Ny~ is decreasing. The N4~ reaches its maximum
intensity when the N3~ has just disappeared. When the
crystal is now warmed to room temperature for approxi-
mately 16 hours, the intensity of the N4~ spectrum is
reduced by one-half. During the annealing studies one
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of the chromium lines in an oriented sample of Al,O;
was used as an intensity standard.

Helpful discussions with C. W. Moeller and R.
Schor are gratefully acknowledged. We are indebted to
J. E. Mapes and F. B. Otto for the preparation of

samples.

NUMBER 2 JANUARY 15, 1962

Paramagnetic Resonance Absorption of Divalent Nickel in «-Al,O; Single Crystal*

S. A. MarssALL, T. T. Kikuchr, AND A. R. REINBERG
Physics Division, Armour Research Foundation, Chicago, Illinois

(Received August 9, 1961)

A paramagnetic resonance absorption spectrum has been observed in single crystals of a-Al;O3 having
nickel oxide added as an impurity. The spectrum is interpreted as being due to transitions between fine
structure states of the divalent nickel ion. Best-fit constants to an axially symmetric spin Hamiltonian are
obtained from 4.2°K to 300°K. The spectroscopic splitting factors are found to be nearly constant over this
temperature range with average values given by gn=(2.195740.0013) and gi=(2.18594-0.0013). The
crystal field splitting energy is, on the other hand, found to be temperature dependent following the ap-
proximate law D= — (1.32874aT?) cm™, where a=5.2X 1077 (°K)~2. The average spin-orbit coupling con-
stant over this temperature range is found to be (—2854:30) cm™.

I. INTRODUCTION

N recent years, a number of investigations have been
reported on the spectra of iron group ions in ¢-Al;Os.
As a host, this structure exhibits some properties which
make it favorable for the study of magnetic ions. Briefly,
these properties include a moderately high coefficient of
thermal conductivity, a relatively low dielectric loss
factor and a structure containing anions having zero-
spin nuclei. In the a-AlyO; structure, local cation sites
exhibit the trigonal symmetry of a distorted oxygen
octahedron with two nonequivalent cation sites per unit
cell. For magnetic ions occupying such sites, the crystal-
lographic nonequivalence produces a magnetic non-
equivalence when the magnetic ion spin quantum
number is equal to or greater than two. For the divalent
nickel ion, S=1 so that the crystal should exhibit no
magnetic nonequivalence from this source.

Of the various magnetic iron group ions, the magnetic
spectra of trivalent chromium,! iron? and vanadium?+#
along with divalent manganese,® cobalt,® vanadium? and
nickel” have been observed in this structure. These
spectra are observed to exhibit axial symmetry about
the threefold axis of the crystal. From this spectral
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symmetry and from the fact that trivalent iron and
divalent manganese, each with spin S=$%, exhibit
spectral characteristics strongly suggesting two mag-
netically nonequivalent sites, it is concluded that sites
occupied by the iron group ions are those of the normal
trivalent aluminum ions. In a recent report on the
trivalent gadolinium ion in a-AlO; Geschwind and
Remeika reach a similar conclusion and report the
additional fact that during the crystal growth process,
the gadolinium ion tends to favor one aluminum site
over the other.® In addition, for the case of divalent ions
such as V++, Co** and Mn'**, spectra are reported
which tend to suggest no local distortion of an extent
sufficient to destroy the trigonal symmetry nor any
spectral evidence of localized charge compensation.

In this paper, we wish to report the results of an
investigation on divalent nickel ion in a-AlO; single
crystals. It is felt that these results will be of interest not
only because they have to do with yet another iron
group ion in this particular structure, but also because
of some rather interesting although as yet unexplained
spectral behavior.

II. EXPERIMENTAL PROCEDURE

The magnetic resonance absorption spectrometer used
in this investigation is of conventional design making
use of superheterodyne detection. Zeeman field was pro-
vided by a twelve-inch electromagnet having a 2} in.
pole gap and auxiliary coils for low-frequency field
modulation. Microwave power was delivered from a 3
cm wavelength oscillator locked to the specimen cavity.
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