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The spin-forbidden optical transitions of Co', Ni, and Mn + have been observed in
doped crystals of MgF2 following both y and electron irradiation. Radiation-induced E
centers trapped at impurity sites appear to reduce the forbiddenness significantly for
many of the transitions. Oscillator strength increases of up to 10 have been recorded.

Over the past decade or so the excellent re-
search of McClure, Ferguson, and their co-work-
ers and others' 4 has considerably extended our
knowledge of the 3d impurity-ion transitions in
various crystal fields. Unfortunately, these tran-
sitions are strongly forbidden and difficult to ob-
serve experimentally. In cases of O„crystal
field symmetry many of these transitions are
spin and parity forbidden having extremely small
oscillator strengths in the range of 10 '. This is
a severe limitation since only a few absorption
bands can be studied even in relatively thick crys-
tals. High-resolution optical data for more of
these transitions would greatly improve our un-
derstanding of the spin-orbit coupling, exchange
effects, and the interaction of the 3d ions with
lattice phonons. Therefore, it would be highly
desirable to be able to increase the intensity of
these strongly forbidden transitions. Recently
Sell and Stokowski' have hinted at this possibility.
They observed in MnF, a small increase in the
Mn" absorption induced by the presence of Ca
impurities. In this Letter we report that oscil-
lator strengths for Co", Ni", and Mn" transi-
tions in MgF, can be i'ncreased up to 3 orders of
magnitude with the aid of radiation-induced color
centers. Such large changes also imply that these
defect-perturbed transitions might be useful for
photochromic devices. '
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FIG, 1. Room-temperature qbsorption spectra illus-
trating the enhancement of the spin-forbidden transi-
tions for Co +, Ni, and Mn impurity ions in MgF2.
Spectra labeled a represent the absorption in unirradi-
ated crystals while the curves labe. ud b show the ab-
sorption following y irradiation.
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TABLE I. Mn and Ni + transitions in MgF2 crystals.
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The 3d transition ions have been studied ip de-
tail in many different lattices and assignments
for the various observed absorption bands have
been made. In particular, the observed transi-
tions for Mn" and Co have been assigned in
MnF ~'7' and those for Ni' in MgF, .' Since
MnF, and MgF, have the same rutile structure,
it is expected that the transitions of the 3d im-
purity ions will be very similar in both hosts.
Most investigators have made the approximation
that the positive ion site has O„symmetry in this
lattice, although this is not quite the case. The
curves labeled u in Fig. I illustrate the room-
temperature absorption for as-grown crystals of

MgF, :Co, MgF,:¹i,and MgF, :Mn in the 200- to
2000-nm spectral range. The crystals studied
were obtained from Optovac and contain about
2.0 at. % Co, 0.75 at. % Ni, and 0.05 at. % Mn, re-
spectively. These impurity concentrations were
used to calculate the oscillator strengths for the
observed transitions in curves a of Fig. I. The
values are listed in Tables I and II and are very
close to those reported previously. "'

%Then MgF2 crystals are irradiated with elec-

trons or y rays at room temperature, I' centers,
negative-ion vacancies each having a trapped elec-
tron, are formed. At room temperature these de-
fects are mobile under irradiation and can move
through the crystal to form E-aggregate centers
or to be trapped adjacent to impurity sites. In
the latter case if the impurities are 3d transition
ions, the optical transitions of these ions can be
affected by changes in site symmetry from ap-
proximately 0„ to C„and also by exchange be-
tween the paramagnetic F-center electron and the
3d electrons. It is expected that such interactions
would markedly increase the oscillator strengths
for these transitions. The curves labeled b in
Fig. I illustrate the optical absorption observed
for the doped MgF2 samples after a (10'-R) y ir-
radiation. A dramatic increase of several orders
of magnitude in intensity is observed for the pre-
viously spin- forbidden transitions as shown by
Table I and Table II. However, the spin-allowed
transitions, which are observable in the unirradi-
ated crystals, do not increase significantly. This
suggests that the dominant effect is due to ex-
change and that changes in site symmetry do not
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FIG. 2. Excitation spectra of an electron-irradiated

MgF&.Mn crystal at 300 and 7'K. The inset illustrates
the emission spectra for Mn2+ in the irradiated crystal.
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sition metal ions sufficiently that they can be
studied in detail. We realize that the presence
of a defect as a nearest neighbor will cause per-
turbations, but the gain in intensity far outweighs
this disadvantage. Another difficulty is the E-
band absorption which occurs at 260 nm in pure
MgF, crystals. ' For these low radiation doses
only a small I" band should be formed, but the
possibility of its presence precludes assignments
in the uv region. It should be stated that the en-
hancement of divalent 3d impurity ions may be
limited to materials such as MgF, and KMgF, .
Ikeya"'" has irradiated NaCl:Mn and found that
the radiation changes the valence state of Mn" to
Mn" and Mn'. Jain and Lal" find similar effects
for NaC1:Co. This, of course, would reduce the
possibility for this type of investigation in NaC1.

2.9 x 10
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have an appreciable effect on the transitions.
Possible assignments for each of the absorption
bands are shown in Fig. 1. These tentative as-
signments were made using the results of pre-
vious investigators' "' and the calculations of
Liehr. "

It is difficult to introduce appreciable amounts
of Mn" into MgF, . Therefore, since the Mn"
transitions are very weak, it is enlightening to
study the excitation spectrum by monitoring the
emission from this impurity. Such a spectrum is
shown in Fig. 2 and brings out much more detail
than the absorption spectrum illustrated in Fig. 1.
In fact, the assignments shown on Fig. 1 and in
Table I were made from these data. It is inter-
esting to note that the excitation spectrum is al-
most identical to that"' "for Mn" in KMgF»
however, the luminescence band occurs at a
slightly lower energy. The emisstion spectra
from MgF, :Mn are portrayed in the inset of Fig.
2.

In summary, it appears that it is possible with
low doses of y rays or electrons to increase the
magnitude of the absorption bands for the 3d tran-
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A theory based on the hypothesis that the perimeter wall of a magnetic bubble may be
composed of alternate Bloch and Neel segments is shown to account quantitatively for
the anomalous dependence of diameter on bias field of the recently observed "hard" bub-
bles in garnet films.

Recently a new class of cylindrical magnetic
domains or bubbles has been observed. ' These
new bubbles, designated as hard bubbles, have
static and dynamic properties substantially dif-
ferent from those of normal bubbles. Their most
anomalous static property is their much larger
range of stability in both applied-field and diam-
eter variations. Furthermore any material that
allows these hard bubbles also exhibits a range
of intermediate bubbles that collapse at fields
and diameters intermediate between those of the
hard and normal bubbles.

In this Letter we wish to show how the static
properties of these hard and intermediate bub-
bles can be quantitatively explained by assuming
the presence of Neel segments in the Bloch wall
that forms the perimeter of the bubbles. "

We therefore consider a hard bubble as having
a wall as shown in Fig. 1(a). Here the magnet-
ization is up (+) within the bubble and down (-)
outside. The wall itself is composed of a set of
Bloch segments of opposing polarity. These
Bloch segments are separated from one another
by 180 walls which are essentially Neel seg-
ments. In Fig. 1(b) we show the central spins
through three Bloch segments separated by two
Neel segments. We define 6 as the width of the
Bloch wall, y as the length of a Bloch segment,
and x as the length of a Neel segment.

As long as the sense of rotation of the spins
around the bubble perimeter is maintained as
either clockwise or counterclockwise, then this
segmented configuration is frozen in; that is, it

is stable against small spin perturbations. If we
consider that both the Bloch and Neel segments
are walls of uniform rotation, 4 then the wall en-
ergy density (energy per unit surface area of the
perimeter wall) stored in each segment can be
written as

aB =w'A/6+ 2Kb,

rrN = m'A/5+ 2E5+ w'A5/2x'+ 2''5.
Hire A. is the exchange constant, K the uniaxial
anisotropy (with 2K being the effective anisot-
ropy for spin rotation along the dimension 5),
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FIG. 1. (a) Top-view representation of a cylindrical
magnetic bubble showing the perimeter Bloch wall with
Neel segments (dark regions). (b) Representation of the
spins in three Bloch wall segments separated by two
Neel segments.


