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The magnetic circular dichroism (MCD) spectra of the B band of In* centers (KCL:In"),
Sn?* centers (KI:Sn>* K Br: Sn>*,KCl:Sn?*), and T1* centers (KCL:T1*) have been mea-
sured at various temperatures and compared with a theoretical MCD line shape, which was
calculated by Matsushima et al. A doublet-structured B band of the In* center, a triplet-
structured B band of the Sn?* center, and a nonstructured B band of the TI* center have
been interpreted consistently as being due to the Jahn-Teller effect for the P state. The
coupling with the Jahn-Teller inactive 4 ;, vibrational mode is found to be as important as
the coupling with the 75, mode which gives rise to the splitting of the B band predom-
inantly. It is found, from the MCD line shape of In*, Sn?*, and Pb** centers, that the B
band of the In* and Sn?* centers penetrates into the A-band region considerably.

I. INTRODUCTION

In alkali halides containing s2-ground-
configuration ions such as TI*, In*, Ga*, Sn**,
and Ag™, it is well known that the spin-orbit-
allowed A and dipole-allowed C absorption bands
have temperature-sensitive doublet and triplet struc-
tures by the dynamic Jahn-Teller effect, respectively.
In our previous paper’ (called paper I hereafter), by
a systematic study of s2-ion centers, we showed that
the vibration-induced B band, too, has a tempera-
ture-sensitive fine structure in Sn®>* and In™* centers.
Unlike the cases of the 4 and C bands, however, the
fine structure of the B band depends on the s? ion; a
triplet structure is observed for the Sn>* whereas a
doublet structure is observed for the In™ center.
The three components of the B band in the Sn**+
centers were called B, B,, and Bj in order of in-
creasing energy, whereas the two components in the
In* centers were called B, and B;. In paper I, we
suggested that another component of the B band in
In* centers, which corresponds to the B band of
Sn?*, is located at the low-energy side of the B,
band of In* and hidden under the high-energy tail
of the A band. We had reason to believe that a simi-
lar fine structure should be observed for the B band
of both Sn** and In* centers as was observed for
the 4 and C bands, since Sn?* and In* are isoelec-
tronic ions. The present investigation was undertak-
en to examine whether the previous suggestion is.
correct. In this paper we show the magnetic circu-
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lar dichroism (MCD) spectra of the B band in In*
and Sn*>* centers. It is shown that the MCD data
are useful not only to find the correspondence
between the B-band components of In* and Sn**
centers but also to find a part of the B band hidden
under the A band.

Eight years have passed since paper I was pub-
lished; in the meantime, a great theoretical effort has
been made in trying to derive the absorption and
MCD line shapes of the B bands.”~” Besides the
theoretical study, MCD measurements have been
done for the B band of s*-ion centers. At present,
there are many MCD data concerning the In*
center.” 13 Regarding Sn®* centers, however, the
experimental MCD datum published is limited.
The only one is on KI:Sn?>* but the measurement is
confined to a single low temperature, 4.7 K.” We
present the B-band MCD of various Sn>*-doped al-
kali halides (KC1:Sn**, KBr:Sn?*, and KI:Sn?*)
measured at various temperatures. As mentioned
later, in the comparison between the experimentally
observed MCD line shape and theoretically derived
line shape, we can understand the doublet structure
of the B band in the In* center and the triplet
structure in the Sn>* center consistently. In this
paper are also shown the MCD spectra of TI* and
Pb?* centers. We try to clarify the penetration of
the B band into the 4 band by comparing with the
MCD spectra of TIT and Pb?* centers where, un-
like the cases of the Int and Sn?* centers, the B
band never overlaps with the 4 band.
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FIG. 1. Absorption and MCD spectra at KCl:In*
(0.003 mole % in the melt) crystal at 25 K. The mag-
netic field applied is 13.8 kG.

II. EXPERIMENTAL PROCEDURE

Single crystals of KCl containing InCl, SnCl,, or
TIC1, KBr containing SnBr, or PbBr,, and KI con-
taining Snl, were grown by the Stockbarger or
Kyropoulos method. The concentrations of s* ions
were chosen to be less than 0.005 mole % in the
melt so as to avoid the aggregation of s2 jons. In
order to produce the isolated 52 ions uniformly, the
crystals were warmed from room temperature and
maintained at 450°C for 15 min and rapidly
quenched from room temperature, immediately be-
fore the absorption and MCD measurements. Care
was taken to keep the crystals (especially KI and
KBr) dry, since they are hygroscopic.

The MCD and absorption spectra were measured
using a JASCO J-40A automatic recording spectro-
polarimeter. The absorption spectra were also mea-
sured using a Shimadzu MPS-50L spectrophotome-
ter. Great care was taken to maintain the coin-
cidence of wavelengths of the absorption and MCD
spectra during the measurement at a specific tem-
perature. Both absorption and MCD spectra were
recorded on the same chart paper, so that the coin-
cidence of wavelengths of the two spectra was well
guaranteed. The slit width of the spectropolarimeter
was set to be 0.15 nm. The MCD is given by the
difference between the optical densities AD =D
— D _, for the right- and left-circularly polarized
components of light. The polarized light travels
through a crystal parallel to the magnetic field. A
JASCO electromagnet was used to produce the
magnetic field (up to 15 kG). The gap between the
poles of the magnet was 15 mm. The field was ap-
plied along the [001] direction of the crystal.

III. EXPERIMENTAL RESULTS

Figure 1 shows the absorption and MCD spectra
of a KCl:In" crystal at 25 K. The B band is ob-
served to consist of a weak band peaking at 4.56 eV
and a broad band peaking at 4.632 eV. The former
is called B, band and the latter is called B, ; band
hereafter.!* The B, band shows a positive MCD
with a peak at 4.542 eV, whereas the B, ; band
shows a negative MCD with a peak at 4.612 eV and
a positive MCD with a peak at 4.682 eV. When we
look around the boundary between the 4 and B
bands, we find that a valley is at 4.49 eV in the ab-
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FIG. 2. Absorption and MCD spectra, measured at various temperatures, of the same KCl:In" crystal used in Fig. 1.

The magnetic field applied is 14.3 kG.
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sorption spectrum whereas such a valley is at 4.46
eV in the MCD spectrum. That is to say, the
MCD of the high-energy side of the 4 band ap-
proaches zero earlier than the absorption itself. On
the other hand, the MCD of the low-energy side of
the A band approaches zero simultaneously with the
absorption. This seems to be due to a penetration of
the B band into the 4, band. Such a penetration is
more obvious at high temperatures as is seen in Fig.
2, the A, band being shifted toward the B band with
increasing temperature.!®* In the absorption spec-
trum, as the temperature is raised, the weak B,
band becomes unobservable and immersed under
the tail of the B, 3 or 4, band. However, in the
MCD spectrum, the positive MCD curve due to the
B, band is clearly observed even at high tempera-
tures. In this way, the B band is confirmed to be
present even at high temperatures.

-A quite similar MCD spectrum (especially, the
line shape and its temperature dependence) is ob-
served in the B band of KI:Sn** as shown in Fig. 3
although, unlike the case of KCl:In*, the B band of
KI:Sn** consists of three bands B;, B,, and B;. A
low-energy-lying positive MCD is observed at the
B, band region, a negative MCD at the B, band re-
gion. Therefore it is suggested that these three
MCD parts arise from the B, B,, and B3 bands,
respectively. Just as the case of KCL:In™, the B,
band is observed, from the MCD spectrum, to
penetrate into the 4, band. The similar MCD spec-
trum is also obtained in KBr:Sn?* and KCl:Sn>*
(Figs. 4 and 5). When comparing the MCD spectra
of KBr:Sn** and KCl1:Sn>* with that of KI:Sn**,
we find the following difference: in the cases of
KBr and KCl, a negative MCD curve is observed at

FIG. 3. Absorption and MCD spectra of a KI:Sn**+
(0.005 mole % in the melt) crystal at 290 and 100 K. The
magnetic field applied is 14.3 kG.
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FIG. 4. Absorption and MCD spectra of a KBr:Sn?*
(0.005 mole % in the melt) crystal at 290 and 50 K. The
magnetic field applied is 14.3 kG.

the low-energy side of the B band.

As seen in Figs. 2—5, the MCD signal of the
B, ; band of the In* center and of the B, and B,
bands of the Sn?>* center grows with increasing tem-
perature. Such a growth seems to be characteristic
of vibration-induced absorption band, because the
MCD signal of the spin-orbit-allowed A band de-
creases in intensity and becomes broad with increas-
ing temperature, and the same phenomenon has
been observed for the dipole-allowed C band.®’

Figures 6 and 7 show the absorption and MCD
spectra of KCI:TI*. In the T1* center, the B band
is located close to the C band and separated from
the 4 band completely. The line shape is a non-
structured single band"!® although the 4 and C
bands have the doublet and triplet structures,
respectively, just as the cases of the In* and Sn’*
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FIG. 5 Absorption and MCD spectra of a KCl:Sn**
(0.005 mole % in the melt) crystal at 290 and 50 K. The
magnetic field applied is 14.3 kG.
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FIG 6. Absorption and MCD spectra of a KCL:T1*
(0.0003 mole % in the melt) crystal at 290 K in the B-
and C-band region. The magnetic field applied is 14.3
kG.

centers. The B-band MCD of KCI:TI* looks like
the derivative of the absorption curve, with a nega-
tive MCD peak at the low-energy side and a posi-
tive peak at the high-energy side. In Fig. 7 one can
see that, unlike the 4 band of the Int and Sn?*
centers, the MCD curve of the high-energy side ap-
proaches zero simultaneously with the absorption
curve at both 50 and 290 K. The quite similar
MCD curve is also observed in the 4 band of Pb**
center as shown in Fig. 8.

IV. DISCUSSION

What are the MCD data obtained telling us? We
can give three suggestions when we look closely at
Figs. 1—8. Firstly, because of the similarity of the
MCD spectra between the In* and Sn?* centers,
the B band of both centers would seem to arise
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FIG. 7. Absorption and MCD spectra, in the 4A-band
region, of the same KCLTI* crystal used in Fig. 6. The
magnetic field applied is 14.3 kG.
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FIG. 8. Absorption and MCD spectra of the 4 band

in a KBr:Pb>* (0.002 mole % in the melt) crystal at 290
K. the magnetic field applied is 13.1 kG.

from the same origin although their absorption line
shapes are different from each other. Secondly, the
B band of the In* and Sn** centers penetrates into
the 4 band. Thirdly, the influence of the B band on
the 4 band depends on the distance of the two
bands. In the following paragraphs, we consider
how the MCD spectra observed among In*, Sn?*,
and TI* centers are explained consistently.

The A4, B, and C bands have been attributed to
the (@14)*— (a,)(¢4,) transition in s%ion center.!?
Recently Matsushima et al.>~7 derived the line
shape of the 4 and B bands by solving a 12 X 12
matrix of linear electron-lattice interaction concern-
ing the a .7y, state. According to their calculation,
of the five adiabatic potential-energy surfaces e’

(I =5,6,7, 8, and 9) responsible for the B band,
transitions from the ground state '4 1g to the three
surfaces of / = 6, 7, and 8 contribute to the B-band
line shape since the intensity of transitions to the

[ =5 and 9 surfaces is considerably smail. The

| = 6 surface gives rise to a weak shoulder on the
low-energy part of the B band whereas the / = 7
and 8 surfaces give rise to two big bands on the
high-energy part,’ giving an asymmetric triplet-
structured B band as a whole. The theoretically
derived line shape is in agreement with the B-band
line shape of observed Sn>* centers. Thus, it is
concluded that the / = 6 surface is responsible for
the B, band, whereas the / = 7 and / = 8 surfaces
are predominantly responsible for the B, and B,
bands, respectively.

In the case of the In* center, the / = 7 and 8
surfaces are close to each other and result in a for-
mation of a single band.” Therefore the B band is
expected to have a doublet structure, the / = 6 sur-
face being separated from the / = 7 and 8 surfaces
as the case of the Sn*>+ center. The calculated line
shape of the doublet structure is quite similar to the
observed B band.’ Therefore it is suggested that (1)
the weak band located at the low-energy side of the
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B band in KCL:In%t (B, band of Fig. 1) corresponds
to the B, band of the Sn** center, and (2) although
each of the B, and B3 bands has not been observed
in the In™ center by experiment distinctly, the B
band of the In™ center is composed of two bands of
low-energy-lying B, and high-energy-lying B; corre-
sponding to the B, and B; bands of the Sn*>*
center, respectively. In order to examine whether
such a suggestion is correct or not, we investigate
the MCD spectra of the In* and Sn®* centers.

The transition from the ground state to the / = 7
surface (responsible for the B, band), gives rise to
an MCD with a negative sign, whereas the transi-
tion to the / = 8 surface (responsible for the B,
band) gives rise to an MCD with a positive sign.’
As a result, if the above suggestion is correct, a
quite similar S-shaped MCD curve (with a negative
sign at the low-energy side) is theoretically expected
both for the B,-B; band region of the Sn?* center
and for the B, 3 band region of the In* center.
This is in quite satisfactory agreement with experi-
ment (see Figs. 1—5). Therefore it is confirmed
that the B, and B3 bands associated with the / = 7
and 8 surfaces are also present in the In™ center.

When an Sn?*-doped crystal is cooled to a tem-
perature less than 30 K, an additional fine structure
appears on the B, and B bands in the absorption
spectrum as shown by arrows in Fig. 9. Previously,
we'® suggested that the fine structure is associated
with the Jahn-Teller splitting of the fivefold-
degenerate B state because just quintuplet structure
was observed at that time. However, as seen in Fig.
9(b), there are at least six peaks (including the B
peak) in the B-band region as a whole, indicating
the additional fine Structure are not due to the
Jahn-Teller splitting. It is believed that the fine
structure is attributable to the phonon structure
since, as is expected for the phonon structure, (1)
the structure appears at very low temperatures
clearly, (2) the structure consists of the successive
components whose peak-to-peak interval is almost
constant (~ 153 cm™!), and (3) the components be-
come sharp with decreasing temperature. A new
MCD line shape, which is different from the line
shape observed at high temperatures (Fig. 3), is ob-
tained at such low temperatures as shown in Fig.
9(b). Since we are concerned about the fine struc-
ture due to the Jahn-Teller effect in the present pa-
per, we do not refer to the MCD line shape de-
formed by the appearance of the phonon structure
here.

Next, we examine whether the B band of the
In* center corresponds to the B, band of the Sn>*
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FIG. 9. Absorption and MCD spectra of the 4 band
(a) and the B band (b), at 27 K, of the same KI:Sn>*
crystal used in Fig. 3. The magnetic field applied is 13.3
kG. Arrows indicate the peak positions of absorption
bands resolved at low temperatures.

center truly; that is to say, whether the same / = 6
surface is responsible for the low-energy part of the
B band in both the In* and Sn?* centers. When
the temperature is raised, neither the B band of the
In™ center nor the B, band of the Sn’>* center
show any remarkable increase in the MCD intensity
nor any remarkable shift, unlike the cases of their
B, and B; bands. This seems to indicate that both
bands arise from the same origin. To make sure of
it, let us examine the MCD line shape of the B,
band.

The transition from the ground state to the / = 6
surface.-gives rise to a different MCD line shape
between the In* and Sn** centers because of the
difference of spin-orbit coupling strength.” The fol-
lowing MCD line shape has been theoretically
derived for the B, band which is composed of the
absorption band associated with the transition to the
| = 6 surface and, partially, of the absorption band
associated with the / = 7 surface; for the Int
center, a sharp positive MCD and a sharp negative
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peak are at the high-energy part of the B, band and
a broad positive peak is at the low-energy part,
whereas for the Sn>* center, a sharp positive peak is
at the high-energy part and a negative peak is at the
low-energy part [see Figs. 5(d) and 6(d) of Ref. 7].
Such an MCD line shape was obtained from the
Jahn-Teller coupling with T, lattice-vibrational
mode. Taking into account the broadening of the
so-called By, B,, and B; bands by additional cou-
pling with the Jahn-Teller inactive 4, mode, the
MCD curve is expected to be smoothed out as fol-
lows. In the case of the In™ center, the sharp posi-
tive and negative peaks are extinguished since both
peaks are located close to each other and, therefore,
cancelled by each other. As a result, the B band is
expected to have an MCD line shape with only a
positive sign. In the case of the Sn>* center, both
the positive and negative peaks are expected to be
broadened considerably. Thus, a big difference
between the In* and Sn?* centers is that in the
Sn?* center, a negative MCD signal is expected at
the low-energy part of the B, band. The experi-
mental results of KCl:Int, KBr:Sn?*, and
KCI:Sn?" are in satisfactory agreement with this ex-
pectation (see Figs. 1, 2, 4, and 5). This indicates
that the B, band of the In* center certainly corre-
sponds to the B, band of the Sn>* center by reason
that the / = 6 surface is predominantly responsible
for both bands. At the same time, this indicates
that any component of the B band is not present at
the low-energy side beyond the observed B, band.
Contrary to the expectation, the B band of
KI:Sn?* observed does not have any negative
MCD signal at the low-energy part. Let us consid-
er the reason. The B-band MCD line shape of the
s2-ion center is sensitive to the position of the B
band between the 4 and C bands.%’ A parameter
x (=Eg4/Ec4, where Ep, means the separation
between the A4 and C bands) is used to describe the
relative position of the B band. Matsushima et al.
derived the MCD line shapes at x = 0.125, 0.25,
0.5, and 0.75 which were supposed to correspond to
the cases of Ga™, In*, Sn?*, and T1* centers,
respectively.®” According to them (as mentioned
above), the low-energy part of the B band gives a
positive MCD signal in the case of x = 0.25 (In* ),
whereas it gives a negative MCD signal in the case
of x = 0.50 (Sn?*), suggesting that the MCD sign is
changed as x is decreased from x = 0.50 to 0.25.
We first supposed that the MCD line shape at
x = 0.50 must be fitted for a/l of KI:Sn**,
KBr:Sn?t, and KCL:Sn?>t. However, it should be
noted that the x value becomes small as thie B band

approaches the 4 band. The separation of the 4,
and B band peaks is 0.16, 0.23, and 0.25 eV for
KI:Sn?t, KBr:Sn?t, and KC1:Sn?*. Therefore we
can understand the reason why the B;-band MCD
line shape of KI:Sn>* observed is not similar to
those of KBr:Sn?* and KC1:Sn>* but rather similar
to that of KCL:In*.

Next let us examine the B band of the T1*
center. A theoretical B-band shape of the T1*
center, which was calculated in the case of x = 0.75
under a condition of the coupling with 75, mode,
has an asymmetrical triplet structure.® The corre-
sponding MCD line shape is quite similar to that of
the Sn?* center, although the MCD curves due to
the By, B,, and B3 bands are considerably closer to
each other than in the case of the Sn?* center (see
Fig. 8 of Ref. 6). These disagree with the experi-
mental result of each of absorption!> and MCD
(Fig. 6 of this paper). However, when the 4,
mode is additionally coupled to the B state, the
triplet-structured absorption band is smoothed out
and changed into a single nonstructured band, in
agreement with the experiment. In this case, a
weak MCD signal which appeared in the B;-band
region is supposed to be extinguished by cancella-
tion between a negative MCD signal associated with
the / = 6 surface and a positive MCD signal associ-
ated with the / = 7 surface. The remaining signal is
a big, negative MCD signal associated with the
! = 7 surface at the B,-band region and a big, posi-
tive signal associated with the / = 8 surface at the
B-band region, giving an S-shaped MCD line shape
as a whole. This agrees with the experiment.
Therefore it is suggested that the 4, mode plays a
very important role in determining not only the ab-
sorption line shape of the B band in TI* center but
also the MCD line shape.'®

V. CONCLUSION

We have reached the following conclusions from
the analysis of MCD line shape, which is consistent
with the result of absorption line shape. (1) Transi-
tion from the '4 1 ground state to the three adiabat-
ic potential-energy surfaces €/=%, €/=7), and /=¥
are responsible for the B band observed in various
s%-ion centers. (2) The B, band of the Sn?>* center
corresponds to the B; band of the In™* center, and
both are associated with the transition to the e/ =%
surface. (3) The B, and B; bands of the Sn>*
center are predominantly associated with the transi-
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(I=7) (1=8)

tions to the € and € surfaces, respectively.
The same is also true for the In™ center, but since
the two bands are located close to each other, a sin-
gle band called the B, ; band is observed at the
high-energy side of the B; band. (4) In the case of

1933

TI* center, all three bands are located close to each
other and, moreover, the coupling with the 4 ;,
mode is as strong as the coupling with the T,
mode which causes a triplet structure in the B
band, resulting in a formation of a single B band.

*Present address, until July 1982: Fachbereich 6,
Universitat-Gesamthochschule-Paderborn, Paderborn,
Federal Republic of Germany.
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