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Effects of the Na+ impurity on the relaxation of an exciton in KBr at low temperatures
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Studies on defect formation in Na+-doped KBr at low temperatures, where primary interstitials are stable,
have been performed by means of optical-absorption and luminescence measurements. It is found that the
Na+ impurity suppresses the colorability, enhances the 2.90wV emission band, but does not affect the

intensity of intrinsic luminescence. The origin of the 2.90-eV emission band is identified to be radiative decay
of the ( V~ + e )~. The suppression of the de.ect formation is ascribed to the trapping of the exciton state
which is responsible for the creation of the pair of F and H centers by the Na+ impurity: The trapping gives

rise to the formation of the ( VKA + e )~. A model for the relaxation of an exciton is discussed based on these

results.

I. INTRODUCTION

The role of monovalent cation impurity such as
Na' or Li' for defect formation in alkali halides has
been mainly investigated in terms of the secondary
reaction of halogen interstitials or their interac-
tion with the impurity. It has been established' '
that the impurities stabilize interstitial halogen
atoms and ions to form the H„and I„centers, re-
spectively, and result in the enhancement of the
production of F and n centers at liquid-nitrogen
temperature (LNT). On the other hand, this type
of impurities causes characteristic emission bands
under x-ray or uv light excitation at low tempera-
tures. ' For example, KBr containing Na' ions
shows the 2. 90-eV emission band together with
singlet (4.42 eV) and triplet (2. 27 eV) emissions.
Nakai et nl. ' have proposed that the emission
should have the origin in the (Vr„+ e )* system
(* denotes the excited state), but the clear identi-
fication has not been done yet. We have identified
the origin of the 2. 90-eV emission band to be ra-
diative decay of the (Vr„+ e )*, i.e. , the exciton
trapped by a, nearest-neighbor Na' ion. This means
that the impurity-ion affects the relaxation of the
hot exciton to cause other products apart from
"normal" relaxed exciton and lattice defects.

It is generally a.ccepted that color-center for-
mation is taking place during the relaxation of
the exciton. One should, therefore, reconsider
the role of the monovalent ca,tion impurity for de-
fect- formation process from a more general ap-
proach involving not only interaction process of
created interstitials, but also dissociation of an
exciton. From such a point of view, we studied
def ect for ma tion of KBr:Na sy s te m at 6 K, paying
main attention to the correlation between color-
ability and luminescence by x-ray irradiation. Re-
sults obtained in this study have revealed that the
Na' impurity-ion affects defect formation at low

temperature to suppress the colorability, and that
the suppression is probably responsible to the

selective interaction of exciton state which leads
to the defect formation with a Na' ion to form the
(Vr„+ e )*, and the 2. 90-eV emission.

II. EXPERIM ENTALS

Doped crystals used in this study were grown
in dry nitrogen atmosphere by the Kyropoulos
method from KBr melts to which various amounts
of NaBr were added. Crystals doped with KNO2
were also used. The concentration of Na' im-
purity ion (C„,} was determined by the semiquan-
titative spectrographic analysis with + 10% error.
It was found that most specimens used in this study
contained Na' ion up to 0.61 mo1%. Within such
an extent of impurity concentration, the number
of impurity pairs may be so small, assuming ran-
dom distribution of impurity ions, that we need not
consider any effects of pairs. Specimens with
thickness of 0. 55+0. 02 mm were placed in a cryo-
stat cooled by thermal conduction, and were ir-
radiated by x rays generated with a Toshiba x-ray
tube operated at 50 kV 40 mA through a KBr filter
with a, thickness of 0. 2 mm to promote uniform
coloration of the crystal. Temperature was cali-
brated by Au: Co-Cu and/or Au:Fe-Chromel ther-
mocouples and by Allen-Bradley carbon resistor„
Optical absorption was measured by a Shima. zu-
SV50A spectrophotometer. EPR was measured
by a JEOL-JM-PE-3. A xenon a.rk lamp (Ushio
UXL-500D in UL-501C) with appropriate filters
was used as an exciting light source. Lumines-
cence was detected by a liquid-nitrogen-cooled
HTV B292 photomultiplier which was placed be-
hind the exit slit of a grating monochromator.
All emission spectra were corrected for mono-
chromator dispersion and photomultiplier response.

III. EXPERIMENTAL RESU LTS

A. Effect of Na ion on colorability and luminescence

Figure 1 shows the radiation-induced absorption
spectra of KBr containing Na' ion of different con-
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FIG. 1. Optical-absorption spectra induced by the
30-min x-ray irradiation at 6 K. The irradiation time
was shortened to 8 min for measurements of the o, band.
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centrations. The heights of both F and H bands
decrease with increasing C„,. In the H-band re-
gion, the shift of peak position toward low-energy
side is noticeable. The heights of n band and of
the band dne to the interstitial bromine ion (I and
I„bands) also decrease. The Na' ion, which en-
hances the formation of F and n centers at LNT,
suppresses the colorability at low temperature
where primary interstitials are stable.

Figure 2 shows the emission spectra of KBr
crystals excited by x rays at 6 K. The .mpurity
causes the characteristic emission band situated
at 2. 90 eV besides intrinsic emission bands. The
2. 90-eV emission band grows with increa, sing C„„
whereas the singlet and triplet emission bands do

15—

I—
t7)

10—

O
LA
tf)

I. 3

PHOTON ENERGY ( eV )

FIG. 2. Emission spectra of KBr crystals at 6 K.
The solid line and the dash-dot line are the spectra of
the nominally pure and of KBr:Na(0. 61 mol '7&), re-
spectively, which were generated by the x-ray excita-
tion. The broken line is the spectrum introduced by
the F-light illumination at 6 K of KBr:NO2. Na which
was previously annealed at 170 K after x-ray irradia-
tion at LNT.
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FIG. 3. Na' concentration dependence of the yields
of the F center (&) and e center, and (b) of the intensities
of singlet (), triplet (x), and 2. 90-eV (4) emissions,
respectively.

Origin of 2 90~V emission band

It is important to make clear the origin of the
2. 90-eV emission, for further understanding of
the mechanism of the suppression of the F-center
formation by the Na' ion.

In order to check the Nakai's model, ' it may be
decisive to measure directly the emission spec-

not change the intensity.
In order to obtain the correlation between the

formation yields of F and n centers and the lumi-
nescence intensity, measurements were made of
the changes of both quantities as a function of the
Na. ' concentration. The results are shown in Fig.
3. One can see that the yields of both F and n
centers decrease linearly with increasing C„„
though the rates are not equal. The intensity of
2. 90-eV band increases in proportion to C„„with-
in the present range of the impurity concentration.
One could notice the following two characteristic fea-
tures; the complementary behavior between the
decrease of colorability and the enhancement of
intensity of the 2, 90-eV emission band, and the
constancy of the intensities of singlet and triplet
emissions irrespective of the Na. + concentration.
Therefore, it is clear that the existence of the
2. 90-eV emission band plays an important role
in the suppression of the colorability at 6 K.
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FIG. 4. Annealing curves of V& and V&& centers in
Kar: N02 and in KBr:N02. Na crystals, respectively.
The relative intensities of the centers are given in
arbitrary units. The figure also showers the anneal-
ing temperature dependence of intensities of singlet
and 2.90-eV emission bands in a KBr:N02. Na cryst;al,
induced by the release of electron at LNT.

trum caused by the recombination of a V~„center
and an electron. Figure 4 shows the result of
isochronal pulse annealing experiments on the EPR
signal for V» and V»„(Na') centers in KBr doped
with NO& and/or Na'. Samples were irradiated by
Co-60 )'rays at LNT. EPR was measured at 80 K
after warming an irradiated sample at a given tem-
perature for 5. 0 min. It is seen that the V~ cen-
ter decays thermally around 155 K and that the
V»„(Na ) center, which grows as the V» center
decays, annihilates at 200 K. By conducting a
proper treatment based on these results, we can
obtain a sample which contains V~„centers and
F centers, but no V~ centers. The broken line
in Fig. 2 is the emission spectrum introduced by
F-light illumination at 6 K of KBr:NO3:Na, which
wa, s previously annealed at 170 K after x"ray ir-
radiation at LNT. It is clear from Fig. 4 that
such a sample does not contain V~ centers. The
spectrum consists of the main peak situated at
2. 90 eV, accompanied by a. very weak band at
4. 25 eV. In Fig. 2, the 2. 90-eV band for this
sample is compared with that generated by the
x-ray excitation of KBr:Na crystals at the same
temperature, and it is seen that these are essen-
tially the same.

Further support for the assignment that the
2. 90-eV emission is caused by (V„„+e )* is ob-
tained from the following experiments. In Fig. 4,
the change of the intensity of 2. 90-eV emission
band which was introduced by the F-light illumi-
nation at LNT is also shown. In this experiment,
the sample was first irradiated with x rays at
LNT, then the sample was annealed at a given
temperature for 5.0 min and cooled down to LNT,

and immediately the luminescence under F-light
illumination was measured. The intensity of the
2. 90-eV emission increases between 150 and 160 K
where the V» center (and the singlet emission)
diminishes, and decreases between 190 and 200 K
with thermal decay of the V~„center. Since the
luminescence is measured at LNT, the intensity
of the emission is proportional to the number of
luminescence centers. Since the F center is
hardly bleached by F-light illumination after ther-
mal treatment, the number of released electrons
may be substantially identical in each measure-
ment. Thus the main cause of the change in the
number of luminescence center is due to the change
of the number of hole centers, the V» or V»„(Na')
centers.

The results above described lead us to the con-
clusion that the 2. 90-eV emission has the origin
in the radiative decay of the (V»„+e )* system,
or the exciton trapped by a nearest-neighbor Na+

ion in KBr, as proposed by Nakai ef al. ' lt is
interesting to note that the emission spectrum of
the (V„„+e )~ consists of only one dominant band,
whereas that due to the (V„+e )* involves two
bands. Polarization experiments, which were
carried out using a KBr:NO2. Na containing ar-
ranged V~„centers, revealed that the 2. 90-eV
band is n polarized. We will hereafter call,
therefore, the 2. 90-eV emission "~„emission. "
Details of the electronic structure of the (V»„
+ e ) will be discussed elsewhere, and here we
only emphasize that the 2. 90-eV emission has its
origin in the (V„„+e )* as discussed below.

IV. DISCUSSIONS

A. Secondary reactions of defects and suppression of colorability

In discussing the suppression of defect formation
in the present case, we can consider the following
sequence of defect-formation processes; one is
the dissociation of an exciton, and the other is the
secondary reactions of created defects. First,
we shall discuss several possible secondary re-
actions which might cause the suppression.

J. Interaction of rep/acement sequence with A'a+ ion

Kondo et al. ' have shown that the primary de-
fect created by ionizing radiation is a pair of an
E center and an H center. Dynamic behaviors of
the energetic H center in alkali halides have been
extensively studied by Saidoh, Itoh, and their co-
workere. At temperatures as low as 6 K the ther-
mal migration of the H center is not active, "and
the main mode of motions may be adiabatic re-
placement sequence. Saidoh ef, al. 'a' have shown
that the replacement sequence attractively inter-
acts with a Na' ion to form an H„center. There-
fore, the Na+ ion may not act for the replacement
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sequence as does the I ion in KBr, which is con-
sidered to reflect back the moving interstitial
atom as shown by Hirai. ' Thus, the interaction
of the replacement sequence with Na' ions may
not be responsible for the suppression of the E-
center formation. Kondo et nl'. ' have also shown,
from their studv by electron pujse lrradlatIQn,
that only po of the initial E centers remains sta-
ble, and they attributed the bleaching to the re-
combination of a pair with short distance. It may
be, therefore, also impossible to attribute the
suppression of the colorability by the Na ion to
this transient bleaching effect, on the basis of the
results of attractive inte raction between the H
center and a Na' ion.

Z Con»ersion from the neutral Frenkel pair into charged pair

Next, it is necessary to consider the conversion
reaction of a E-H pair into an I-n pair: Such a
reaction could exist, since the primary product
is shown to be the former, though the details of
the reaction are not known. One possible type of
such reactions may be capture of an electron from
the E center by the H and/or H„center during
irradiation. " The ratio of the formation yield of
the H„center to that of the H center increases with
increasing C„„since the probability of finding a
Na' ion along the interstitial collision sequence
increases. This is, probably, the cause of the
shift of peak position of the H-band region shown
in Fig. 1.'~"' The conversion reaction can be
a cause of the decrease of the yield of the E cen-
ter only when the H„(Na') center captures an
electron more effectively than the H center „Ef-
fective conversion of the pair in the form of E-H~
center might result in the further decrease of the
E center corresponding to the increase of C„,.
But this is impossible: (i) Saidoh and Itoh' have
shown that the H„(Na') center cannot be converted
into I„(N )acenter by capturing an electron from
the E center, although the H„(Li ) center can,
and (ii), in fact, the yield of the I and o.-cente-r
production also decreases with increasing C„,as
shown in Figs. 1 and 3. Thus the conversion re-
action also cannot be the main cause of the de-
crease of the yield of the F center.

3. Optical bleaching by 7r emission
A

Another possibility should also be considered,
which is the optical bleaching effects by the lumi-
nescence during irradiation. ' ' The intensity of
the m„emission increases with increasing C„„
and the ~A emission band appreciably overlaps
with the H and H„absorption bands, as shown in
Figs. 1 and 2. The decrease of the yield of defect
formation by Na' ion might be due to the reabsorp-
tion of the emission by H and/or H„centers, which
results in the excitation of the centers and the

sue ceeding rec ombination with E cente rs. This
optical bleaching effect can be, however, also
disregarded in view of the following experimental
results: An optical illumination with the similar
band shape and intensity as that of the m„emission
during or after x-ray irradiation was made on a
nominally pure KBr, The illumination caused ].it-
tle change in the yield of each color center. The
light even with the intensity, two orders of magni-
tude larger than that of the m„emission of KBr:Na
(0. 61 mol /o), bleached at most a few percent of

the H and F centers produced by irradiation, and
no appreciable decrease was observed in the heights
of n and I bands. On the contrary, the suppression
of the colorability by Na' impurity correlated with
the considerable decrease in the yield of the e-cen-
ter production as shown in Fig. 1. Therefore, the
main origin of the suppression in the present case
cannot be ascribed to the optical bleaching by the
77~ emlsslon,

Thus, we can conclude that the secondary pro-
cesses of the created color centers are not respon-
sible for the suppression of the E-center formation.
Thus our attention should be focused on the dis-
sociation process of an exciton, or relaxation of
the hot exciton.

B. Relaxation of exciton in KBr: Na system

As shown in Fig. 3, the suppression of defect
formation strongly correlates with the formation
of the (Vr„+e ) state. Two types of reactions
may be possible for the formation of the (V»„
+e )*; (i) one is the interaction between an ex-
citon and a Na ion, and (ii) the other is the inter-
action of a hole with a Na' ion followed by the sub-
sequent electron trapping. If the (Vz„+ e )* is
formed mainly through the latter reaction, the in-
tensity of the intrinsic luminescence should be
also suppressed corresponding to the increase of
the ~„emission intensity, since the increment of
the formation probability of the V~& center with
increasing C„., may result in the decrease of the
number of V~ center to form the exciton state.
Kondo and Hirai' have shown that a small amount
of Ag impurity suppresses the formation of H and
F centers in KCl at 10 K. They attributed the
suppression to the trapping of an electron by the
impurity, which may result in the decrease of the
probability of electron-hole recombination to form
the exciton state. In such a case, intensity of
intrinsic lum ines cence should als o be s uppress ed.
As shown in Fig. 3, the Na' ion has no effect on
the intrinsic luminescence, at least within the
present range of the impurity concentration. This
result rules out the possibility that the formation
of the (Vz„+e )* would take place mainly through
the interaction of a hole with a Na' ion. The pres-
ent results strongly indicate that the Na' ion inter-
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acts "selectively" with the state of the exciton
which is responsible for the F-center formation.

In the earliest excitonic-formation mechanism
model, 2 ' ' the same state is responsible for the
defect formation and intrinsic luminescence.
These models cannot explain the present results.
According to the very recent model proposed by
Toyozawa, the adiabatic instability at the 2p,
state of the electron trapped by the V„center is
responsible for the F-center formation and the 1s
s tate for the intrinsic lumi nes cence. And the ori-
gin of the occurrence of two channels (defect for-
mation and intrinsic luminescence) are whether
the relaxation follows the adiabatic potential or
the transition to the 1s state occurs. Apparently
this model cannot explain the result that only the
exciton state which results in the defect formation
is affected by Na ions.

Karasawa and Hirai ' have measured the yield
of the F center and the intrinsic luminescence of
KCl and KBr below 4 K, and found that the yield
of the F center decreases with decreasing tempera-
ture with an activation energy of a few meV, while
the intensity of intrinsic luminescence is almost
constant. Their results that the behavior of the
F-center formation and of the intrinsic lumines-
cence are independent of each other may suggest
that the exciton state responsible for each phenom-
enon is essentially different. The results and
discussions above described lead us to suggest the
following model of the relaxation of an exciton:
The exciton splits, with a fixed ratio which might
depend only on the salt, into different two states:
one is responsible for defect formation, and the
other for intrinsic luminescence, and a "turning
point" between two channels lies just after a hot
exciton is formed. In the light of this model, the
features of the present results are well described
in the following reaction: After the splitting, the
exciton state which leads to defect formation in-
teracts selectively with a Na' ion to form the (V»„
+ e ) which release energy in terms of the m„

emission.

Here, it is worth considering the model pro-
posed by Itoh and Saidoh. ~ In their model, the

cause of the splitting into two channels lies in the

relaxation of the hole in an exciton; the exciton
with a V„center in a II state (II~ exciton) is re-
sponsible for the F-center formation, and that in

a Z„state (Z„exciton) for the intrinsic lumines-
cence, respectively. The relaxation of the hole

into II, or Z„state is considered, presumably,
to take place with a given ratio. Since the V~

center in a II~ state is energetically higher than

that in a Z„, the Z„exciton may be more deeply
self-trapped. Thus the perturbation of the H,
exciton by a Na' ion may be more serious, and

the 0, exciton would be selectively attracted by
the Na' ion. This model can also explain the char-
acteristic features of the relaxation of an exciton
as revealed above. In their model, however, one
question remains unsolved. Kellor and Patten
have shown that the H center can be formed by
the recombination of an electron with the V~ cen-
ter in KCl crystal. In their study, the V~ center
must be in the state of Z„. This result is not
consistent with Itoh's model. Thus, more de-
tailed experimental and theoretical studies are
necessary for clear understanding of the defect-
formation mechanism in alkali halides.
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