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Let us now investigate some of the specific processes by which
the excitons can give up their energy. The transition probability
for spontaneous emission can be estimated from previously calcu-
lated matrix elements~ to be 1.6X 20t' sec ' for the case of an ex-
citon in NaCl. If there is a Stokes' shift of 1 ev between absorption
and emission, B is still of the order of 10 sec, and in the absence
of more probable processes strong luminescence should be
observed.

In considering the process of F-center creation one can easily
show that the electric field of the vacancy, e/Kr2, where E is the
static dielectric constant (5.62 for NaCl), is so strong when the
exciton is in a site adjacent to it that it is incorrect to speak of the
exciton as being localized in a pure exciton wave function; that is,
there does not exist a bound state about the positive hole alone,
but the wave function must surround both negative ion sites.
Even when the vacancy is a third nearest like neighbor, the excited
electron will be pulled away in ~10 '4 sec; beyond this distance
tunneling will occur. The mechanism for forming F-centers is
clearly an exceedingly powerful one, and is effective even though
the vacancies be only incipient. Thus the lifetime of an exciton
against F-center creation depends primarily on the time required
to get within 3 or 4 negative ion sites of the vacancy, after which
the transition will occur within 10 '4 sec. Since the effective mass
of the exciton' is of the order of the electronic mass, its time of
travel from one ion to the next directly after creation is about
2&(10 " sec in NaC1; after the exciton has become thermalized

by collisions with lattice vibrations, the time required is less than
this by one or two orders of magnitude. If E„ the density of
vacancies, is as large as 10 /cm' the transition probability is

10" sec '; if E, is 10'%m' the transition probability is still
greater than 10'2 sec '.

When the exciton first begins to be trapped in the field of the
vacancy, at a few atomic distances, the positive hole may disuse
away, eventually to be trapped by, say, an incipient positive ion
vacancy, leaving its electron in the F-center. If the hole does not
get away, it will be drawn up to a negative ion site adjacent to
the F-center and form a composite center which one would expect
to be stable during optical lifetimes at ordinary temperatures. We
shall continue to group these composite centers with the F-centers,
however, and the calculations we present on F-center annihilation
will be applicable in order of magnitude to the composite centers
as well.

The probability for F-center destruction can be calculated from
the point of view that an exciton adjacent to an F-center can
undergo a two-center Auger transition; one electron is ejected
into the conduction band and the other recombines with the hole.
While the exciton and F-center form a composite center within
~10 "sec, we can calculate an approximate value for the prob-
ability per second for the transition from (2s/))) (3l~s, where

N = (ta/h's) tjq,"(1)Ps (1) P,p*(2)P,—z,(2)dr t2
~12

The largest part of the integral comes from the dipole-dipole part,
found by expanding 1jr». Exchange and other overlap effects are
smaller, as was observed for the analogous matrix element which
leads to the propagation of the exciton in a perfect lattice. '
Evaluating M, we find

I'g = (2~/k) (m jh2K) 4+2'' /R .
Here p, is the dipole matrix element of the exciton, and v is a mean
square dipole matrix element per unit K (wave number) for the
transition from t|~ to the continuum, chosen so as to give the cor-
rect oscillator strength. R is the nearest like neighbor distance.
Numerically this becomes, using the matrix elements of reference
5, 8&~10'» sec '. Since the probability per second that the exciton
reach a negative ion site adjacent to an F-center has this same
magnitude, the total probability that an exciton annihilates an
F-center is still ~10~ sec '.

It can now be pointed out why these calculations, though per-
formed for NaCl, should apply quite generally to the alkali
haMes. That this is so is clear from the similarity of lattice

spacings, and oscillator strengths for the exciton band and for the
F-center continuum transitions in all these salts.

It is also clear from the value of the lifetime for emission (of
order 10 sec) that luminescence will be overshadowed in the
evaporated layers by these other processes, which occur within
10 ' sec. In addition to these effects, one might be tempted to
consider "self-trapping, "' but this should not be important for the
alkali halides in the time available. This may be seen from the
estimate given for the time taken for the exciton to travel from
one ion to another (~10 "sec), which is so rapid that the nuclear
readjustment required for self-trapping is improbable. s These quali-
tative conclusions may not be applicable to annealed single crys-
tals where the density of incipient vacancies may be as low as 10"
cm ', and the density of isolated vacancies even more negligible
in number '
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TWO-PRISM Littrow spectrometer using a 1P21 photo-
~ ~

multiplier tube as detector has recently been built. The
spectrum from 3800 to 7000A is scanned in about five minutes
by a synchronous motor drive which slowly rotates the Littrow
mirror. Resolution is about 10A in the blue and 40 in the red.
Incident light is chopped at 90 cycles and the spectrum presented
on a recording meter. Wavelength measurements can be made to
about 10A except at the red end.

An excellent spectrum of a red type B aurora was secured on
June 20, 1951, at LaRonge, Saskatchewan. Three strong bands
were prominent: a double-peaked band in the range 5900 to
6000A, and two others at 5560 and 5250 angstroms. These are at-
tributed to the first negative system of 02+: (0, 0)6026, (1, 1)5973,
(1, 0}5632, and (2, 0)5296 angstroms. Our wavelength values are
low because measurements were made to the blue side of the
bands, while the heads are to the red. The (0, 1) band (6418A) is
seen at 6420, though the instrument is not very sensitive in this
region.

It is suggested that some of these bands are responsible for the
red color of the type B aurora. This is supported by the fact that
conventional spectrograms show them only weakly. Only a small
fraction of the long exposure required would ordinarily be to red
aurora. Our instrument covered. the region from 5577 to 6500
angstroms in about two minutes, and we were lucky enough to
encounter a brilliant red aurora for all of this period. The red
erst positive bands of

¹
found by Vegard' in type B aurora would

not be recorded by our instrument unless they were very strong,
since their wavelength is too long. However, they would also have
to be very strong to have much effect on the eye, which loses
sensitivity even faster than our spectrometer.

This observation suggests that the red lower border occurs when
an aurora penetrates from the region of atomic to the region of
molecular oxygen. For the light to appear red or purple, the in-
tensity of the green line would have to be rather small. Unfortu-
nately, this line goes o6 scale on our spectrogram; however, since



LETTERS TO THE E D I TOR 379

our Geld of view is 2' in the vertical direction and hence will
include more than the lower red border, and also since we may
have been looking up through the red aurora to green aurora
behind it, this is not surprising.

The night of July 1, 1951, there was considerable aurora at
Saskatoon. A very steady homogeneous arc appeared about 15'
above the southern horizon from 10.15 to 1.00 Mountain Standard
Time. A line at 4860A was prominent in its spectrum the whole
time. This is presumably PP (4861}.Many spectra were taken
during this same period of very bright active forms with ray
structure in the rest of the sky, none of which showed any sign
of this line. The results of Meinel are similar; he reports' that
hydrogen emissions are seen only in homogeneous arcs, though his
conclusions are less definite because of the longer exposure times
of around 15 minutes required with his conventional spectrograph.
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'
EXCELLENT agreement exists between the experimental

~ saturation moments of ferromagnetic spinels determined by
Gorter' and the values predicted by Noel. ~ The essence of Noel's
theory was to assume that strong negative (antiferromagnetic)
interactions exist between the unpaired spins of cations occupying
the tetrahedral voids amidst close-packed oxygens in the spinel
lattice and the unpaired spins of cations occupying octahedral
voids. Thus, in the series of inverse spinels' Fe~MeFe~04
{where the metal Me= Mn, Fe~, Co, Li~Fey~, Ni, Cu4, or Mg'),
since one Fe~ occupies tetrahedral interstices and (Me plus the
other Fe~) share octahedral interstices, the saturation moment
is simply that corresponding to the unpaired spins of Me. Noel
also showed that spin interactions operate through the oxygens
separating the metal ions ("superexchange"), and Anderson' has
shown that the antiferromagnetism of MnO is to be explained
similarly.

The author wishes to point out a new hypothesis by means of
which the following may be accomplished: (1) the ad hoc assump-
tion of Noel that the strongest spin interaction in inverse spinels
is between tetrahedrally situated cations (Me&) and octahedrally
situated cations (Mep} rather than between Met and Met or
between Mep and Mep may be rationalized; (2} the nonoccurrence
of ferromagnetism in normal spinels such as NiCr204 may be
explained; and (3) a quantitative relationship may be shown to
exist between Curie temperature and interatomic distance in the
ferromagnetic spinels and in the rock-salt structure antiferro-
magnetics. The hypothesis is simply that spin interaction is in-
versely proportional to the distance from a metal ion to a nearest
neighbor, i,e., an oxygen, and thence to another metal ion. This
is similar to the assumption of Zener' that direct spin interaction
decreases continuously with increasing distance between adjacent
atoms in metals.

Geometrical calculations show that in spinels the distance
Met-0-Mep is smaller than the distance Met-O-Met or the distance
Mep-O-Mep, provided that the lattice parameter I is less than
31/80 (0.388). Verwey and Heilman' have found e to be about
0.380 for inverse spinels. If e is greater than 0.388, however,
Mep-0-Mep is now the closest cation-oxygen-cation distance.
Verwey and Heilman' found e to be greater for most normal spinels

TAai.E L Exchange energy for ferromagnetic spinels.

Spinel

p Fela
MnFe4
Feg04
CoFetO4
LiqFepoa

CuFe&4b
MgFe4b

o,eA

8.32
8.55
8.39
8.36
8.31
8.36
8.37
8.36

kT exp. , ergs

1.31X10»
0.798
1.19
1.096
1.19
1.18
0.943
0.826

kT calc. , ergs

1.32 )(10 '~

0.786
1.17
1.15
1.32
1.006
0.798
0.710

difference

—0.8
+ 1.5
+ 1.7—4.9—10.9
+14.7
+15.4
+14.0

' T experimental, extrapolated. See Michel and Chaudron, Compt. rend.
201, 1191 (1935)~

b s&se computed from experimental data of reference 1.' From reference 3, wherever possible.
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&HE existence of a change in the nucleon intrinsic moments
due to the interaction with other nucleons has for some

time been rather well established by the H', He' moment anomaly.
It has been pointed out' that this change will lead both to a
modification of the magnetic moments of most nuclei and to
marked changes in the lifetimes for nuclear magnetic dipole
transitions. A possible connection between the deviations of mag-
netic moments from the Schmidt lines and non-additivity of the
nucleon moments has recently been emphasized by Miyazawa, '
de-Shalit, ' and Bloch.'

than for inverse ones. For example, NiCr204 (in which Ni occupies
tetrahedral voids and 2 Cr's occupy octahedral voids) had
f4=0.388&0.003. For this substance our hypothesis correctly
predicts the absence of ferromagnetism, while if strong tetra-
hedral-octahedral spin interactions were present, ferromagnetism
with a saturation magnetic moment of 4 Bohr magnetons would
be expected.

The following semi-empirical equation was developed to corre-
late spin exchange energy as measured by kT with the supposed
variables:

k T= crsgsg8

where k=Boltzmann's constant, T is the Curie temperature in
'K, s& and sp are respectively the number of unpaired spins on
Met and Mep, d is the distance Me&-0-Mep in A (=0.470ap, where
ap is the lattice constant of a spinel with m=0.388). With cr =5.04
X10 ' erg and c2=7, the data of Table I were obtained. The
agreement (+16 percent) between observed and calculated ex-
change energies is reasonable, since (1) an error of 0.01A in ap
(which is less than the disagreement between published values for
a given spinel) would cause an error of 5 percent in kT, (2) g values
may vary slightly from 0.380 for certain of the spinels, ' and (3}
the value of stsp is not precisely known for CuFe204 and MgFe204.

An equation similar to (1) but with c&=6.5X 10' ergs and c2= 12
holds for the antiferromagnetic oxides MeO (Me= Mn, Fe, Co, Ni)
to +27 percent. The difference in c~ for the 2 structures shows that
(1) does not account for all the factors involved. Indeed, Anderson'
has shown that as a consequence of superexchange a strong direc-
tionality exists such that the strongest interaction is between
magnetic ions on opposite sides of an oxygen. The angle Me-0-Me
is 180' for the rock salt structure and 126' for Met-0-Mep in
inverse spinels with I=0.380.
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