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Use of 3d-impurity-ion absorption to study the distribution of ra@'ation damage in

crystals~

S. I. Yun, ~ K. H. Lee, W. A. Sibley, and W. E. Vehse~

Department of Physics, Oklahoma State Unt'versity, Stillwater, Oklahoma 74074
(Received 20 February 1974)

The oscillator strengths of spin-forbidden optical transitions of Mn'+ are enhanced by the presence of
radiation-produced F centers. These enhanced transitions can be used to monitor the presence of other
defects in the vicinity of Mn'+ —F-center complexes. Thus, from absorption and emission changes
following irradiation at different temperatures, it appears possible to obtain information on the
distribution of radiation-induced interstitials. These data in turn lead to a better understanding of the

mechanisms of radiation production and annihilation.

I. INTRODUCTION

In addition to past reasons, the current emphasis
on power-production systems such as fast-breeder
fission and fusion reactors, which generate copious
amounts of radiation and thus create voids and other
radiation-damage products in materials, t indicates a
need for ~ore sensitive techniques to ascertain the
distributionof damage products at various tempera-
tures of irradiation. Hobbs et a/. have made a
significant advance using electron microscopy in
determining the interstitial cluster distribution in
alkali halides after a 300-K irradiation. However,
information on the distribution of single interstitials
in terms of trapping, migration, etc. , is still
lacking. This information is particularly impor-
tant if the focusing mechanism proposed by Sils-
bee and in more detail by Pooley is a major fac-
tor in the total damage process.

Pooley, Hersh, and Lushchik'6 have delineated
a viable radiation production mechanism for ionic
crystals. Pooley further proposed that easy inter-
stitial transfer occurred along close-packed rows
of like ions and that this transfer process could
result in widely separated vacancy-interstitial
pairs. Subsequent work on rutile-structured
MgF~, ' which has no close-packed rows of like
ions, suggested that although the transfer process
along close-packed directions did not play a sig-
nificant role in the Production mechanism, it was
important in the disA ibution of the damage prod-
ucts. Thus, in alkali halides, the vacancies and
interstitials are expected to be widely separated,
whereas in rutile-structured materials they should
be close pairs.

Recently, it was determined that the presence
of an F center (a negative-ion vacancy with a
trapped electron) next to a Mn3' substitutional im-
purity ion increases the absorption by a factor of
100-1000. This increase in oscillator strength for
the Mn ' transitions apparently arises from ex-
change between the defect electron and the Mn~'

II. EXPERIMENTAL

The crystals used in this work were grown by
the Stockbarger method or purchased from the
Qptovac Company. The MgFz contained 0.62 at. I&

and the KMgFs, 1.4 at. % of manganese as deter-
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FIG. 1. 610-nm emission band present in low-tem-
perature-irradiated or x-ray-stimulated KMgF3. Mn. .

electrons. From these results and the normal dis-
tribution pattern of 3d electrons, it appeared likely
that the presence of an interstitial in the vicinity
of the Mn '-F-center complex could cause further
enhancement of the oscillator strength for some
of the transitions and might perturb the energy
levels sufficiently that splitting of some of the ab-
sorption bands could be observed. The purpose of
this paper is to report that low-temperature irradi-
ations of KMgF~ and MgF2 yield quite different re-
sults from 300-K irradiations. This is expected if
interstitials are produced as near neighbors and
suggests that Mn ' can be used as a sensitive moni-
tor for radiation damage.
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FIG. 3. 680-nm emission band from 15-K electron-
irradiated KMgF3 ..Mn at 15 K.
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with a 1-m monochromator and associated electron-
ics as described previously. ' ' Excitation spec-
tra were taken by setting the 1-m monochromator
at the wavelength of the peak of the emission band
of interest and then exciting the crystal with light
from a Spex 22-cm monochromator. Polarization
measurements were made using alan-Thompson
prisms. The excitation source was a 75-% xenon
lamp and for this reason the excitation spectra
taken between 50000 and about 35000 cm are not
very accurate. A correction for the spectral in-
tensity of the source was made.

III. RESULTS
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When KMgF3: Mn is irradiated at any tempera-
ture between 15 and 300 K, with even a low dose of
high-energy electrons, an emission band with peak
at about 610 nm is evident as an afterglow. The
same emission band is observed if an unirradiated
sample is excited with x rays or a low-temperature
irradiated crystal is optically stimulated with 365-

FIG. 2. 590-nm emission band observed in low-tem-
perature-irradiated or x-ray-stimulated MgF2. Mn.

mined by mass spectroscopy. Irradiations were
performed with an accelerator using l. 5-meV
electrons at a current of 0. 2 p.A/cm on the sample.
The specimens were cut and polished such that for
MgF2 the c axis was parallel (c„)or perpendicular
(c,) to the crystal face. The faces of the KMgF3
specimens were 1100) planes. The crystals were
mounted in a cryogenerator for irradiation and
measurement. Kith the cryogenerator, tempera-
ture could be controlled to +1 K between 15 and
300 K. Optical absorption was measured on a Cary
14 spectrophotometer and emission was detected
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FIG. 4. 15-K excitation spectrum for the 680-nm
emission in 15-K irradiated KMgF3 .Mn.
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FIG. 5. 720-nm emission band and 77-K excitation
spectra for 300-K electron-irradiated KMgF& . Mn.

nm or 450-nm light. This band is illustrated in
Fig. 1. Excitation of unirradiated KMnF~ at 15 K
by x rays or optical excitation results in similar
emission with slight changes in the sharp line
structure. This emission has been attributed in
the past to Mn '.

As shown in Fig. 2, MgF, : Mn yields a similar
emission band at 590 nm under the same treat-
ments described above. In Fig. 2, the (7, 7I, and
o' emission is portrayed. The n spectrum is taken
by measuring the unpolarized emission propagating
along the c axis of the crystal. The m spectrum is
measured with a polarizer oriented such that only
the electric vector of the emitted light parallel to
the c axis of the crystal (E ~~ c) is transmitted, and
the o spectrum is recorded with the polarizer ori-
ented so that the electric vector perpendicular to
the c axis (E J. c) is passed.

After some 20 min in the dark or 1 min under
white~light illumination with the sample a,t 15 K,
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FIG. 6. 15-K excitation spectrum for the 720-nm emis-
sion band from a 300-K irradiated KMgF& ..Mn. specimen.

FIG. 7. 670-nm emission band from 15-K electron-
irradiated MgF2 ..Mn measured at 15 K.

the emission bands at 610 nm for KMgF3: Mn and

590 nm for MgF2. Mn almost disappear. In the
case of KMgF3: Mn, when this band has decreased,
it is possible to detect emission around 680 nm

when measurement is made below 180 K and at 63Q
nm when the sample is above 180 K. The lifetimes
of these bands differ appreciably as has been noted
previously. The low-temperature spectrum of
this band is shown in Fig. 3, and the excitation
spectrum for a sample irradiated and held at 15 K
is portrayed in Fig. 4. When KMgF& . Mn crystals
which have been irradiated at 15 K and then warmed
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TABLE I. Phonon lines in KMgF3 ..Mn and MgF2 ..Mn.

1669

Emission
band

610
(excitation

365 nm)

680
{excitation

409 nm)

KMgF3 .Mn

Peak position
nm (cm-')

581.0 (17211)
585. 8 (17070)
588. 7 {16986)

607. 4 (16464)
610.1 (16391)
615.0 {16260)

Energy
difference

(cm-')

141
225

73
204

Emission
band
(nm)

590
{excitation

365 nm)

670
(excitation

540 nm)

MgF& ..Mn

Peak position
nm (cm-')

0, spectrum
569. 0 (17574)
572. 8 (17458)
svs. 2 (1v385)

579. 5 (17256)
~ spectrum

s69. o (1vsv4)
sv2. s (1v46v}
svs. o (1v391)
580. 8 (17218)

a spectrum
569.2 (1VS69)
573.2 {17446)
5vs. o (1v391}
58O. O (17241)
e, n, cr spectra
645. 7 (15487)
652. 0 (15337)
658. 0 (15198)
663. 5 O. sov2)
669. 0 (14947)

E nergy
difference

(cm-')

116
189

318

108
184
357

123
178
328

150
289
415
540

our doped materials, especially MgFz, has not
been reproducibly observed. X~ centers have been
studied in other KMgFS samples. "'6 %'hen the
samples are irradiated at 300 K, F-aggregate cen-
ters such as F2 and F, centers can be observed
through both emission and absorption spectra. For
low-temperature irradiation, no F aggregates are
formed. Table II gives a summary of the irradia-
tion observations with a tentari~e identification of

the defects responsible for each emission band.
Immediately after irradiation at temperatures

below 80 K, a complicated absorption occurs for
KMgF3.' Mn and MgF&. Mn which decays with time
and/or optical bleaching. An optical bleach with
450-nm light decreases the absorption in certain
regions rapidly. In Fig. 11, the difference spec-
tra, which are shown as the solid lines, for ab-
sorption before and after a 450-nm bleach are de-

TABLE I1. Summary of irradiatio~ data; conditions for production of defect.

Band wavelength (nm)
and material

610; KMgFS. Mn

590; MgF2. Mn

680; KMgF3. Mn

670; MgF2 ..Mn

720 KMgF3 ~ Mn

700 MgF2 .'Mn

340; KMgF3. Mn

390; MgF2. Mn

Temp. of
observation

15K

15K

15K

15K

e irradiation
Low Temp.

Yes

Yes

No

No

e irradiation
Low Temp.

Warm to Room Temp.

Yes
Decreases

Yes
Decreases

Yes
(Weak)

No

e irradiation
Room Temp.

No

Yes
(Weak)

Yes

Yes

e irradiation
X ray, optical

Low Temp.

Yes-Decays

Yes-Decays

X Ray, Yes

X Ray, Yes

Nature of
defect

Mn'
(Unperturbed)

Mn'
(Unperturbed)

Mn '-F-center
Interstitial

Mn2 -F-center
Interstitial

Mn2'-F

Mn2'-F
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the polarized-light data in Fig. 8 suggests that the
interstitials in 15-K irradiated MgF~ crystals are
located at the center of the triangle connecting the
three neighboring Mg ion sites in a (110}plane.
The most likely position for interstitial fluorine in

KMgF, is in a {100)plane between four fluorine and
two potassium ions. Figure 13 gives a tentative
idea of the defect locations in these materials. In
the latter structure (perovskite) the possibility of
short-range focusing collisions exists, and we
might expect an interstitial to be displaced from its
vacancy by several lattice spaces even for low-
temperature irradiations. Support for this idea
comes from the fact that no correlated recombina-
tion is observed in KMgF3. " As mentioned earlier,
at 300 K interstitials are mobile in both materials
and aggregate to form clusters. Thus, for 300-K
irradiation, the excitation spectra are due only to
Mn '-E-center complexes.

For 15- or 77-K irradiation, the emission bands
are shifted to shorter wavelengths and are narrower
than those induced by a 300-K irradiation. These
results suggest that the interstitials push the fluo-
rines neighboring the Mn~' ions in such a way as to
give the Mn~' ions more space. When the samples
are warmed to room temperature, cooled back to
77 K, and reevaluated, it is found that the emission
and excitation spectra from the Mn '-E-center-
interstitial complexes are reduced in intensity by
a factor of about 50. For 15- or 77-K irradiated
MgFz no evidence for Mn '-E-center emission is
found after warming, and an optical bleach with
254-nm light destroys the defects as does a 300-K
electron irradiation. This suggests that only cor-
related recombination occurs in MgF& and the in-
terstitials cannot migrate away except during room-
temperature irradiation. For KMgF3: Mn this is
not the case. If samples irradiated at 77 K are
warmed to 300 K and then recooled to 77 K, both
excitation spectra shown in Figs. 4 and 6 are ob-
servable; i.e. , some of the interstitials jump away
instead of recombining with vacancies so that both
Mn '-E-center-interstitial and Mn~'-E-center
complexes are present. This again suggests that
in KMgFS an interstitial is initially further dis-
placed from its vacancy than in MgF~. No Mn '-
F-center-interstitial complexes are present in

KMgF, : Mn irradiated at 300 K.
"As-grown" samples and an irradiated sample

which wag annealed at 800 K for a few hours do not
show either 590- or 610-nm luminescence bands
during optical excitation. The optically excited

emission bands which occur at 590 nm in MgF~: Mn
and at 610 nm in KMgF3: Mn after irradiation are
apparently due to "unperturbed" Mn ' ions, since
the emission spectra are essentially the same as
observed in MnF~ and KMnF3. From successive
optical-bleaching experiments a linear relation is
found between the height of the 450-nm absorption
band shown in Figs. 11 and 12 and the 590- or 610-
nm luminescence intensity. Furthermore, the
afterglow and x-ray-excited luminescence spectra
from MgF3: Mn and KMgF~: Mn also show 590- or
610-nm bands. The optical-absorption bands for
low-temperature irradiated crysta, ls are very com-
plex. Some of the complexity can be reduced by
taking difference curves. The difference curves
are derived by subtracting the absorption of freshly
irradiated crystals. The intensity of the bands and
the relationship between the Mn ' emission and the
height of the 450-nrn absorption suggest that some
valence state of manganese is involved. Ikeya and
Itoh" have done extensive work on Mn ', Mn',
Mn in NaCl. Their data. suggest that the 450-nm
band shown in Figs. 11 a,nd 12 is due to Mn in a
substitional site. They ascribe the band at about
270 nm to Mn '. Our observations are certainly
not at variance with their tentative assignments;
however, we do feel much work must be done before
these suggestions can be substantiated. From our
data we feel that Mn ' or Mn centers, with charge
compensation from Xz centers, are involved.
This assumption would lead to the possibility of
Mn' emission each time an electron is lost from
an Mn' center as an X& center recombines with
Mn '. However, the (100) defect symmetry indi-
cated from the polarized optical bleach suggests in-
fluence from another nearby defect. The presence
of a 700-nm absorption band for KMgF3: Mn and
not for MgFz . Mn is a mystery.

In summary, the emission bands at 680 nm for
KMgF~: Mn and 670 nm for MgFz.' Mn are due to
Mn '-E-center-interstitial complexes, whereas the
emission bands at 720 nm for KMgF3: Mn and 700
nm for MgF&'. Mn are due to Mn '-E-center com-
plexes. Although much work must yet be done to
verify the presence and position of interstitial
fluorines, we feel that the data presented above
make quite evident the great potential of using 3d-
transition ions as monitors. As these measure-
rnents are pursued at our laboratory and elsewhere,
it should be possible to determine which impurities
are effective in suppressing radiation damage and

the mechanism for interstitial trapping.
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