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A systematic investigation of the optical properties of several ions with the s? configuration (In*, Sn**, TI*)
dissolved in KCI, KBr, and KI has shown that the B band, which is the weakest of the three bands that
are clearly separated from the fundamental absorption edge, generally has observable structure, particularly
at low temperatures. Whereas no structure could be detected for KBr:TI*, a doublet structure was
observed for KCl:In*, KBr:In*, and KCl:Sn?*, and a triplet structure for KBr:Sn?* and KI:Sn?*. As the
temperature is raised the B band shifts to longer wavelengths in KBr:Sn’*, KI:Sn?*, and KBr:TI*, while it
shifts to shorter wavelengths in KBr:In* and KCl:In*, the magnitude of these shifts being proportional to T.
In all the crystals examined the B-band intensity increases with temperature as expected for
vibration-induced transition. The theoretical line shape for the B band is discussed on the basis of various
models, and it is concluded that the transition responsible is '4 g 3T,, assisted principally by modes of

T,, symmetry, but that 4,, and E, modes also play a part. It is also concluded that mixing of the |4 )
and |C) states with *T,, is the cause of the observed asymmetry in the B band. The position of the B
band with respect to the 4 and C bands is related to the dipole strengths of these bands and the shift of
the B-band maximum with temperature is due to the quadratic term in the Hamiltonian which is the

second-order perturbation from the 4 and C states.

I. INTRODUCTION

Alkali-halide crystals containing metal ions with
the s? configuration exhibit four absorption bands
named A, B, C, and D on the long-wavelength side

of the fundamental absorption. The assignments
for these bands, particularly the A, B, and C
bands, have been established as being due to the
s?— sp transition in the metal ion.! In particular,
the A and C bands have been assigned to the spin-
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orbit allowed 'A,,~*T,, and dipole allowed '4,,

- 1T, transitions in the metal ion, respectively.
The temperature-sensitive fine structure observed
in these bands is caused by the dynamical Jahn-
Teller effect in the triply degenerate T, state.?
Because it is the weakest of the four bands, the B
band has been attributed to the 'A,,~*T,, and '4,,
-3E, transitions, which are forbidden in cubic
symmetry. The absorption increases as the tem-
perature is raised, showing that the B band is in-
duced by the lattice vibrations. In fact, the tem-
perature dependence of the intensity of the B band
obeys the theoretical formula for a vibration-in-
duced transition,

f(T)=f(0)coth(%w/2kT), (1)

where f(0) is the intensity at 0 K, and 7w, %, and
T denote the phonon energy, Boltzmann constant,
and the thermodynamic temperature, respective-
ly.&4

Although many papers have been published on the
properties of alkali-halide phosphors, these have
dealt mainly with the A and C bands, and there
have been few systematic investigations of the B
band. In the present paper, we report on the opti-
cal properties of the B band for various ions (In*,
Sn?*, T1*) with the s?-configuration ion dissolved
in alkali-halide crystals with particular emphasis
on the structure of the B band and the temperature
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FIG. 1. Temperature dependence of the absorption
spectrum of KBr:Sn?*, Structure in the A, B, and C
bands is apparent, particularly at low temperatures. (a)
A and B bands (upper segment of a crystal grown from
the melt containing 0. 006-mole% SnBr,); (b) B and C
bands [lower segment of the same crystal used in (a)].
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FIG. 2. Temperature-dependence of the absorption
spectrum of KI : Sn?*,

dependence of its peak position and intensity. We
shall also discuss correlations between the B band
and the A or C band and compare the observed
structure of the B band with the calculated line-
shape function.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Single crystals of KBr: In*, Sn®*, or TI*, KCl: In*
or Sn?*, and KI: Sn®* were grown by the Stockbarger
method from KBr powder containing In metal (at a
concentration of 0.04 mole%), SnBr, powder (0. 01
mole%® and 0.008 mole%) or TIBr powder (0. 01
mole%), KCI powder containing InCl powder (0. 01
mole%?®) or SnCl, powder (0.01 mole%®), and KI
powder containing SnI, powder (0. 01 mole% %), re-
spectively. The KBr:In* crystal was grown in an
atmosphere of 50-torr HBr + 150-torr N,, while the
other crystals were grown in vacuum. Absorption
spectra of the KBr: In*, KBr: Sn? (0. 006 mole%),
KBr: T1* and KCl: Sn® crystals were measured
from liquid-helium temperature to room tempera-
ture using a Cary 14R spectrophotometer, while
those of the KBr: Sn®* (0. 01 mole%), KCl: In*, and
KI: Sn?* crystals were measured in the same tem-
perature range using a Shimadzu MPS-50 spectro-
photometer at Kyoto University. The CDC 6400
computer at the University of Western Ontario was
used to analyze the absorption spectra.

Figures 1-3 show the variation with tempera-
ture of the absorption spectra of KBr: Sn®, KI: Sn®,
and KCI : $n® crystals, respectively. The A and
C bands of these crystals are observed to have
temperature-sensitive doublet (A4,, A,) and triplet
(Cy, C3, Cy) structures, respectively, in agree-
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ment with the work of Fukuda.®? We also ob-

served structure in the B band at low temperatures.

To illustrate this more clearly, absorption spectra
of the B band in KBr : Sn* and KI: Sn?* crystals are
shown in Figs. 1(a) and 4. The B band of both
crystals is composed of three bands (named B,
B,, and Bj in order of increasing energy). The
same absorption spectra of the B band were ob-
tained in KBr : Sn®* crystals grown at Kyoto Uni-
versity and at the University of Western Ontario.
In Fig. 5 the absorption coefficients of the B; and
B, peaks are plotted against that of the B peak in
KBr crystals containing various concentrations of
Sn?* ions. This figure shows that the three com-
ponents, B;, B,, By, are due to the same center.
The B band in the spectrum of a KC1:Sn?* crystal
is composed of two bands, which correspond to
the B, and By bands in KBr : Sn®* and KI:8n®. It
seems that the other component B; was not ob-
served in KC1 : Sn?* because of the proximity of the
A band.

Figures 6 and 7 show the variation with tempera-
ture of absorption spectra of KBr: In* and KC1: In*
crystals in the region of the B band. The doublet
structure of the B band (named B,, B;) is observed
at low temperatures in both crystals. The addi-
tional bands appearing at 266 nm in KBr:In* and at
248 nm in KCl: In* are attributed to the absorption
due to paired In* ions.®® From the intensity ratios
of the 248-nm band in KC1 crystals containing vari-
ous concentrations of In* ions, and that of the B,
band, to the B, band, the B, band is shown not to
be due to paired In* ions but to be a component of
the B band (cf. Ref. 8). The energy separations
between the A, and A, peaks and between the B, and

290 310

B, peaks, which were resolved using the computer,
are plotted against 7*/2 in Fig. 8. The B,-B, sep-
aration, like the A,-A, separation, is proportional
to T'/2 at high temperatures and seems to approach
a limiting value at low temperatures. Figure 9
shows the temperature variation of the absorption
spectrum of a KBr: T1* crystal in the region of the
B band. In this crystal, the B band is observed as
a symmetric Gaussian-shaped band with no fine
structure.

In Table I, we summarize the observed peak
positions of the A, B, and C bands at 20 K and the
energy separation between the components of each
band in KBr: Sn*, KI:Sn?*, KBr:In*, and KCl: In*
crystals. As the temperature is raised, the B
band is observed to shift to longer wavelengths in
KBr: Sn?*, KI:Sn?, and KBr: T1*, while it is ob-
served to shift to shorter wavelengths in KBr: In*
and KC1:In*. The magnitude of these shifts is
proportional to temperature as shown in Fig. 10.

In Fig. 11 the intensities of the B and other bands
are plotted against temperature for KBr:In*. As
the temperature is raised, the intensity of the B
band increases in both crystals while that of the A
and C bands decrease. The total intensities of the
A and B bands is, however, almost independent of
temperature in KBr: In*. This behavior is similar
to those observed in KC1: In* by Fukuda? and in
KCl1: Ag™ by Kleemann, ®

IIIl. LINE- SHAPE FUNCTION FOR B BAND

In this section we shall calculate the line-shape
function for the B band. The s®-configuration ion
has the ground-state '4,, in cubic symmetry. The
lowest excited states arise from the sp configura-



8 VIBRATION-INDUCED ABSORPTION (B BAND) OF... 1701

tion and are the *T,,, T,,, °E,, and !T,, states.
The 3T, and T, states are mixed by spin-orbit
interaction leading to the excited states of the A
and C bands

,A>= - V,1T1u>+ u ,3T1u> ’ (2)
|C>=#,1T1u>+VI3T1u>, (3)

where p and v are the mixing coefficients. The B
state (the excited state of the B band) is

|B)= l3T2u> and ’3Eu> . (4)
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FIG. 4. Structure in the B band shown by absorption
spectra of (a) KBr :Sn?* (0. 01 mole%) (Ref. 5),and (b)
KI:Sn®* (0. 01 mole%) (Ref. 5) at various temperatures.
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FIG. 5. Linear relations between the absorption coef-
ficient at the peak of the By or B, bands and that of the
Bj; band for KBr: Sn?*, containing various concentrations
of Sn** ions, at 20 K, The filled symbols denote a crys-
tal grown and measured at Kyoto University. The squares
denote a quenched crystal.

These states have linear interactions with the lat-
tice vibrations of the A;, mode (interaction -mode
coordinate @, according to Toyozawa and Inoue?),
E, mode (@,, Q;), and T,, mode (Q,, @5, Q). The
matrix of the electron-lattice interaction can be
written!®

M+0Qll ’ (5)

where the components of M are given in Table II.
a, b, and c are the coupling constants and b,, b,,
¢;, and ¢, are defined by

blz(‘-}'2 —%Vz)by bzz(Va_%MZ)b,
1 (6)

c1=(p¥-2v%c, c=(F-3pc.
In the semiclassical Franck-Condon approxima-

tion, the line-shape function for the transition lAu,
- B is given by!!

F(E)= [dQ|P(Q) |2 e Vot@ /kT*

x6(Up(Q) = Uy(Q) - E)/ [ dQe Vot T | (7)

where Pg(Q) is the dipole moment matrix element
for the transition, E is the energy of incident pho-
ton, and Ugz(Q), U,(Q) are the adiabatic potentials

of the B state and the ground state as a function of
the coordinates, @. Thus®!?

Ua(@) ?51 Q.

To simplify the calculation, we assume that the
force constants are the same in both the states.
The symmetry of the B band in KBr: T1* shows
this to be a reasonable approximation. The effec-
tive temperature is'?
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T* = (¢/2k) coth(e/2kT) .

The forbidden transitions !A,,~3T,, and °E, are
made allowed by the mixing of the B state with the
A and C states. If the ‘A, ~3T,, transition is the
only contribution to the B band, the effective
IP5(Q)!? can be written!4

-~ : 2
1P, @07 @ B, | (5 + )

—CB

x [20%(Q% +Q2) + 2 c2(Q3+Q%+QD)], (8)

where 13,, is the dipole moment operator, and o and
z stand for the eigenfunctions of the s and p
states, respectively. Ez, Ez-E,) means the
energy separation between the B and A states
and Ecp (=E;-Ep) is the separation between the
C and B states. Similarly, for the 'A,,~°E, tran-

o

(&)

g

(234567

8

(),

By B2

Az A

KCl:In*

I+ 15K
2: 56
3 103
4: 129
5: 197
6:217
7: 245
8: 293
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30
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sition,

2_,2 D 2 1 _1_2
|P33u(Q)I =u Vz |<0£ !Pnlz>| (_E_BA + ECB>

xc*(Qf+Q%+Q3). (9)

In the derivation of the adiabatic potentials Uam‘
and Uax,,’ we temporarily neglect the matrix ele-
ments connecting the 3T, or 3E, state and other
states in (5).

First, we calculate the shape function for the
'A,,~°E, transition. Making use of (9) and the
eigenvalues, which are easily obtained from the
two-dimensional matrix for the 3E, state in (5), we
get

FIG. 7. Temperature-dependence of the absorption
spectrum of KC1:In*, A doublet structure B,, B; is ob-

served in the B band. The band at 248 nm is due to (In*),.
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FIG. 8. Peak separation in the A and B bands in

KBr:In* in eV as a function of T!/2, Curve A is for the

difference Aj)-A; and curve B for the difference B;-B,.
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TABLE I. Peak positions and peak separation of the A, B, and C bands at 20 K, in eV.
A A, Ay-A, B B, By  By-B; By-B, G c, C;  Cp-Cy Cy-C,

KBr:Sn*®* 3,986 4,080 4,260 4.394 4.508 4,763 4.883 5.004

0,094 0.134 0.114 0.120 0,121
KI:Sn** 3.515 3.573 3.77 3.85 3.90 4,14 4,205 4,280

0,058 0.08 0.05 0.06 0,08
KCl: Sn* 4,29 4,43 4,84 4,98 5,240 5.375 5.500

0.14 0.14 0.13 0.13
KBr:In*® 4,162 4,225 4,366 4,429

0.063 0,063
KCl:In* 4,286 4,357 4, 56 4,632

0.071 0. 07

" %Bands resolved 'by combuter analysis.

9Kc? - 3(E - Wy, )?
F3B,,(E)= TR |E —W33u|exp<——-——b2k,r* Eu > )

(10)
where WSE., is the excitation energy at ;=0 (=1,
2, 3,4, 5, 6)and
1 2
5

K= |8, |2) [F(
Equation (10) gives a line shape which is complete-
ly split into two bands as shown in Fig. 12. The
splitting of the two peaks is proportional to coth!/?
X (€/2kT), and the total intensity of the two bands
to coth(e/2kT).

Next, we calculate the shape function for the
other transition 'A,,~*T,,. When we take into ac-
count only the E, mode in (5), we obtain the follow-
ing shape function:

1
— 11
Esa tn

2
3V3IKIb| (RT*\V2/, 2(E-Ws, ) )
Fst“(E; E()=——8 (_" ) (1+—2—g“—b T

- 3(E - WST )2

x exp(——Wﬂ——> . (12)

Equation (12) gives a single band with a symmetric
line shape.
Secondly, we take into account only the T,, mode

7

E KBr:TI*
&

= |

8 10 2 3%
2 3 50
w 4: 80
W 5 92
(s} 6: 104
z 7124
g 5

kS

24 218 222

WAVELENGTH, nm

226

FIG. 9. Temperature dependence of the absorption
spectrum of KBr: T1* in the region of the B band. No
fine structure is observed for the B band in this instance.

in (5). The matrix for the 3T,, state is entirely
analogous to ones for the A and C states except for

the coefficients of the coupling constants.

The

eigenvalues of the matrix for the C state have been
obtained by Toyozawa and Inoue? and by Honma. 1°
Making use of their results, we have 3 cQ¢,(»)

474
470+ .‘/
e KCl:In*
n 4
/
4.66 - ./n
A
i I 4
> 4620
[
o 454
&
w e‘—.\
Z ~.
w el
450 ’\.\ 24
2 ey KBr:Sn
. ~
o L.
T wsh S
392
P~ e,
.\.
388 |- > .
\ K1:Sn?
184 1 1 1 1 L 1 1
0 100 200 300 °K

TEMPERATURE ,

K

FIG. 10. Temperature-dependence of the position of
maximum absorption in the B band for KC1:In*, KBr:Sn%,

and KI : Sn?*,
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0 FIG. 12. Normalized lme-shape functmn F:sE =Fsg, (E)/
04— (9Kc?/4b% [Eq. (10)] for the transition ‘A, —°E, assum-
ing that the 3E state interacts only with the E, (Qz, Q3)
§ modes. E is the photon energy and the predicted line
0 | | 1 | | | shape on this model is a band completely split into two
0 100 200 300 symmetrical parts about E=Wsg .
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FIG. 11, Intensity of the A and B bands in KBr:In* as

functions of temperature. A;+A, means the sum of the
band areas for the two components of the A band. Simi-
larly the curve marked B,+ Bj is the sum of the areas of
the two components of the B band below 90 K. Above 90 K
the B band was treated as a single band and so B,+B; is
the total area of this band. The curve marked A +B is
the total area of the A and B bands.

i=1, 2, 3)as the eigenvalues of the *T,, state, where

Q=(Qf+QE+Qd'"2,

L) = -7% cosL=7 , L\)= Tcos ZHT
2 l
()= 73 cos 3 (13)

cosl=3V3N, 1A=2Q,Q:Q./Q°%.

The line-shape function for the 'A,,—3T,, transition
is then

K (nkT*)3/2 3
18 E d)\
cQt,(0)/2).  (14)

Inthis calculationwe have used the following approxi-
mation for each component of the dipole strength:

| Py, @)% =K [(a| B,| 20|24 @3+ Q23 +Q)).

To simplify the analysis we change the independent
variable and denote the line-shape function by f(x),
defined by

F(E)dE = f(x)dx, x=2(E- WSTau)/(csz*)”a, (15)

Fyy, (E; Typ)= dJ\dQQ‘ -atmr"

X &(E - W3T2u—

6-f(X)/Kc2kT*
o
|

05—
ol l l
0] 1.0 2.0 3.0
x=2(E-W, )/ /AT*
2u

FIG. 13. Line-shape function f(x)/Kc% T* given by
Eq. (16) for the model which assumes that the B state is
derived from 3T, and interacts only with the T,,(Q,, @, Qe)
modes. The band shape is symmetrical about E = W3
This model predicts a triplet structure for the B band"
with a logarithmic singularity at E= T2u due to the fact
that #£,(\) =0 as A —0. This singularity will be smoothed
out by additional interactions with the A;, and E, modes.
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FIG. 14. Plot of log;oR, where R is the ratio of the
dipole strengths of the C and A bands, against Eg,/Eq,4.
The continuous line has been calculated from Sugano’s
formula, Eq. (19), and the various symbols indicate ex-
perimental data.

We can then write f(x) as

KcPpT*n™3?2 3 I xt L 2,20,d9
o)== Z ) ygeor ™ " m >

i=1
(16)

We have evaluated the ‘line-shape function (16) nu-
merically and the result of this calculation is shown
in Fig. 13. It should be noted that the line shape
of Fig. 13 is similar to the shape of the C band as
calculated by Toyozawa and Inoue.? The splitting
on either side in Fig. 13 is 0. 68 (c®kT*)'/2, while
that in the C band? is 0. 91 (c2T*)!/2. If the shape
function, Eq. (16), is integrated over x, the total
intensity is proportional to 7*. The logarithmic
singularity at E= W,Tz“ is removed if the interac-
tions with A,, and E, modes are taken into account:
A triplet-structure is then obtained for the B band.

IV. DISCUSSION

A. Fine Structure of the B Band

As mentioned in Sec. I, the B band in KBr : Sn?
and KI : Sn®* has a triplet structure at low tempera-
tures. Of the three possible models considered in
Sec. ITI, only the shape function (14) explains the
triplet structure. This implies that the B band is
caused mainly by the 'A,, - 3T,, transition, which
is in agreement with the results of the effect of
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uniaxial stress on the B band absorption by Bim-
berg et al.

So far, we have neglected the mixing of the Ty,
state with the other states in the calculation of the
eigenvalues of the *T,, state. Making use of (5),
the effective interaction Hamiltonian for the 37T,,
state coupled with the T,, mode can be written ap-
proximately as

2 2
H.l(stu; Tzl)=%cIQ+Ca<g - EV ) (_]_:"%'_r_z )Qz ’
LBa  ZcsB
a7
where 1 is the three-dimensional unit matrix, and
0 @ Qs
_'I_‘= Q-l Qe 0 Q4 . (18)
@ @ O

The quadratic term of (17), which is due to the
A-3T,, mixing and the C-3T,, mixing, would explain
the asymmetry of the B band seen in Fig. 4. This
is because (17) is analogous to the interaction
Hamiltonian for the C state given by Toyozawa and
Inoue,? and the asymmetry of the triplet-structured
C band has been explained by the quadratic term in
the Hamiltonian, '*

Next, we discuss the doublet structure of the B
band observed in KBr : In* and KC1: In*. The coef-
ficient ¢*(u®/Eg, - v?/Eop) of the quadratic term in
(17) has almost the same value in both KC1: In* and
KI: Sn?*; this was estimated using the values of c?
given by Toyozawa and Inoue.? The same is true
for the coefficient 3¢ of the linear term in (17).
Therefore, we expect theoretically that the B band
of KC1: In* should have a triplet structure like that
of KI: Sn?* and the separation between the compo-
nents be proportional to T*172 (see Sec. 1), In
fact, the B,- By separation in KBr : In* increases in
proportion to T*/2 at high temperatures, as shown
in Fig. 8. We suggest therefore that another com-
ponent of the B band in KCl1: In*, which corresponds
to the B, band in KI: Sn?*, lies hidden in the tail of
the A, band. The same would be true for KBr : In*,

The B band of KBr : T1* has little structure, in
contrast with the spectra due to Sn** and In* ions.
This is due to the fact that the A and C bands have
little visible fine structure because of the small
value of the coupling constant c. o

B. Position of B Band in Absorption Spectrum

" In 1962 Sugano'® obtained the following formula
(named Sugano’s formula) using the molecular-
orbital model for the s? - sp transition. It relates
the positions of the A, B, and C bands to their di-
pole strengths!0:

Ega/Eca=[1+@R)12]/(R+1). (19)
Here R is the ratio of the dipole strengths of the C
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and A bands, i.e., R=p2/v%. In Fig. 14, we have
plotted the ratio R calculated from Sugano’s for-
mula and the observed ratio R at 20 K against
Egs/Eq,. Whenthe A, B, and C bands display fine
structure, the centers of the bands were used for
the positions, e.g., for the Sn** ion the energy of
the B, peak was taken as W;. The ambiguity in

the values of R of KBr: Sn®, KI: Sn*, andKCl : Sn®*
shown in Fig. 14 comes from the overlap of the C
band with the fundamental absorptionband. Itisseen
that the experimental points fit the theoretical
Sugano formula quite well, It should be noted that
the discrepancies between Sugano’s formula and the
experimental points, which were observed in the
cases of Sn** and In* ions by Fukuda,® are much
improved by making use of the exact center of the
B band for the energy of the B band. Thus, we can
explain the following experimental facts on the
position of the B band by Sugano’s formula: The
position of the B band is near the C band for those
ions (T1*) for which the value of R is comparatively
small (R~5); it is near the A band for those ions
(In*) for which R is comparatively large (R~ 50);
and it is nearly halfway between the A and C bands
for Sn** ions for which R =15-20,

We have also observed in Sec. II that the B band
in alkali halides doped with Sn?* and T1* exhibits a
red shift as the temperature is raised, while it
exhibits a blue shift in the In*-doped salts. This

behavior seems to be due to the quadratic term @2
in (17), which is the second-order perturbation
from the A and C states. Owing to this perturba-
tion, the energy of the B state in T1* ions is re-
pelled by the closely lying C state, while in In* ions
it is repelled by the closely lying A state. In the
cases of Sn** ions, it is repelled by the overlapping
C state. The thermal average of ¢ is proportional
to coth(e/2kT); therefore the B band shifts linearly
with temperature 7, as seen in Fig. 10. We can-
not, however, neglect the effect of thermal expan-
sion' on the band shift. In some alkali-halide
phosphors containing T1*, which have almost the
same values of R and Eg,/E_,, the B band is ob-
served to shift differently as the temperature in-
creases. The red shift of the B band of KI: Tl* is
larger than that of KBr : T1*, while in KCI : T1* the
shift is hardly appreciable. Also, in KI: T1* the A
and C bands also exhibit a red shift as the tempera-
ture is raised while in KC1: T1* they exhibit little
shift like the B band,®
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