
1698 A. BARRY KUNZ

ACKNOWLEDGMENTS

The author wishes to thank Dr. D. J. Mickish
and Dr. T. L. Gilbert for helpful discussions. He

thanks the staff of the MRL Sigma 5 computer for
their aid. Finally he wishes to express his appre-
ciation to Professor R. J. Maurer for his support
of this project.

~Work supported in part by the National Science Foundation
under Grant No. GH-33634.

'N. O. Lipari and W. B. Fowler, Phys. Rev. 8 2, 3354 {1970);
N. O. Lipari, Phys. Status Solidi 40, 691 {1970);N. O.
Lipari, Phys. Rev. 8 6, 4071 (1972).

'L. Dagens and F. Perrot, Phys. Rev. 8 5, 641 (1972).
3A. B. Kunz and D. J. Mickish, Phys. Rev. B (to be published).

. 'D. J. Mickish and A. B. Kunz, J. Phys. C. (to be published).
'A. 8. Kunz, J. Phys. C. 3, 1542 (1970);Phys. Rev. B

2, S01S (1970); N. O. Lipari and A. B. Kunz, Phys. Rev. 8
3, 491 (1971); A. B. Kunz and N. 0; Lipari, J. Phys. Chem.
Sohds 32, 1141 (1971); Phys. Rev. 8 4, 1374 (1971); N. O.
Lipari and A. B. Kunz, Phys. Rev. 8 4, 4649 (1971).

'F. Perrot, Phys. Status Solidi 52, 163 (1972).
'A. B. Kunz and D. J. Mickish, J. Phys. C 6, L83 (1973).
'R. N. Euwema, D. L. Wilhite, and G. T. Surratt, Phys. Rev.
8 7, 818 (1973).

F. E. Harris and H. J. Monkhorst, Phys. Rev. Lett. 23, 1026
(1969); Phys. Rev. 8 7, 2850 {1973).
T. L. Gilbert, in Molecular Orbitals in Chemistry, Physics, and
Biology, edited by P. O. Lowdin and 8. Pullman (Academic,
New York, 1964).

"W. H. Adorns, J. Chem. Phys. 34, 89 (1961); J. Chem. Phys.

37, 2009 (1962).
"W. H. Adams, Chem. Phys. Lett. 11, 71 (1971); Chem. Phys.

Lett. 11, 441 {1971);Chem. Phys. Lett. 12, 295 {1971).
"A. 8. Kunz, Phys. Status Solidi 36, 301 (1969).
'4P. W. Anderson, Phys. Rev. Lett. 21, 13 (1968); Phys. Rev.

181, 25 (1969); J. D. Weeks, P. W. Anderson, and A. G. H.
Davidson (unpublished).

'5A. 8. Kunz, Phys. Status Solidi 46, 697 (1971).
'6J. L. Whitten, J. Chem. Phys. 44, 359 (1966).
' R. C. McWeeney, in Ref. 10, and references contained

therein.
'SP. O. Lowdin, in Computational Solid State Physics, edited by

F. Herman, N, W. Dalton, and T. R. Koehler (Plenum, New
York, 1972), and references contained therein.

' A. B. Kunz, Phys. Rev. 8 6, 606 (1972).
'~C. E. Moore, Atomic Energy I,evels, Nat. Bur. Std. Circ, No.

467 (U.S. GPO, Washington, D. C., 1949),Vol. 1.
"Handbook of Chemistry and Physics, 48th ed. , edited by R.

C. Weast and S. M. Selby (Chemical Rubber Co., Cleveland,
Ohio, 1967).

'T. L. Gilbert, in Sigma Molecular Orbitals Theory, edited by
O. Sinanoilu and B. Weiburg (Yale U. P., New Haven,
Conn. , 1969).

PHYSICAL RE VIE%' 8 VOLUM E 8, NUMBER 4 15 AUGUST 1973

Vibration-Induced Absorption (8 Band) of s'-Configuration Ions in Alkali-Halide Crystalsa

Taiju Tsuboi~ and Yosbio Nakai
Department of Physics, Kyoto University, Kyoto, Japan

Keiko Oyama and P. %. M. Jacobs
Department of Chemistry, University of 8'estern Ontario, London, Canada MA 3K7

(Received 26 February 1973)

A systematic investigation of the optical properties of several ions with the s' configuration {In+,Sn'+, Tl+)
dissolved in KCl, KBr, and KI has shown that the 8 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;Tl', 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 8 band shifts to longer wavelengths in KBr:Sn'+, KI:Sn'+, and KBr:Tl+, 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 8-band intensity increases with temperature as expected for
vibration-induced transition. The theoretical line shape for the 8 band is discussed on the basis of various
models, and it is concluded that the transition responsible is 'A, g~ 'T,„assisted principally by modes of
Tr symmetry, but that A, and E modes also play a part. It is also concluded that mixing of the Q )
and ~C ) states with 'Tr„ is the cause of the observed asymmetry in the 8 band. The position of the iy

band with respect to the 3 and C bands is related to the dipole strengths of these bands and the shift of
the 8-band maximum with temperature is due to the quadratic term in the Hamiltonian which is the
second-order perturbation from the A and C states.

I. INTRODUCTION

Alkali-halide crystals containing metal ions with
the 8 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 -+ 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 'A&
'T» transitions in the metal ion, resyectively.

The temperature-sensitive fine structure observed
in these bands is caused by the dynamical Jahn-
Teller effect in the tx'iply degenerate T» state.
Because it is the weakest of the four bands, the B
band has been attributed to the 'A-3T, „and 'A.~
-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(S(o/2k T},
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FIG. 1. Temperature dependence of the absorption
spectrum of KBr:Sn2+. 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% SnBr2); (b) B and C
bands [lower segment of the same crystal used in (a)].

where f(0) is the intensity at 0 K, and k&g, 0, and
T denote the phonon energy, Boltzmann constant,
and the thermodynamic temperature, respective-
ly 3s4

Although many papers have been published on the
properties of alkali-halide phosyhors, 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", Tl') 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. 2. Temperature-dependence of the absorption
spectrum of KI:Sn2',

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
structuxe of the B band with the ealeulated line-
shape function.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Single crystals of KBr: In', Sn ', or Tl', KCl: In'
or Sn ', and KI: Sna' were grown by the Stockbarger
method from KBr powder containing In metal (at a
concentration of 0. 04 mole%), SnBrm powder (0. 01
mole% and 0.006 mole%) or TlBr powder (0. 01
mole%), KC1 powder containing InC1 powder (0.01
mole%'} or SnC13 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 Na, while the
other crystals wex'e grown in vacuum. Absorption
spectra of the KBr: In', KBr: Sn~' (0. 006 mole%),
KBr: Tl+ and KCl: Sn ' crystals were measured
from liquid-helium temperature to room tempera-
ture using a Cary 14R spectrophotometer, while
those of the KBr: Sna' (0.01 mole%), KCl: In', and
KI: Sna' crystals were measured in the same tem-
perature range using a Shimadzu MPS-50 syeetro-
photometer at Kyoto University. The CDC 6400
computer at the University of %'estern 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 KC1:Sn ' crystals, respectively. The A and
C bands of these crystals are observed to have
temperature-sensitive doublet (A, , Az) and triplet
(C&, Cm, C~) 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 Bband 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&,
Bz, and Bs 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&, B3, 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 Bz and Bz bands in KBr:Sn ' and KI:Sn '. 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 Bm, B3) 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 KCl 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 A2 peaks and between the B2 and

B, peaks, which were resolved using the computer,
are plotted against T' in Fig. 8. The B2-B3 sep-
aration, like the A, -A2 separation, is proportional
to T' 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:Tl' crystal in the region of the
B band. In this crystal, the B band is observed as
a symmetric Qaussian-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 KC1: In'
crystals. As the temperature is raised, the B
band is observed to shift to longer wavelengths in
KBr: Sn~+, KI: Sn2+, and KBr: Tl+, while it is ob-
served to shift to shorter wavelengths in KBr: In'
and KCl: 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 Fukuda7 and in
KCl: Ag by Kleemann.

III. LINEI- SHAPE FUNCTION FOR 8 BAND

In this section we shall calculate the line-shape
function for the B band. The s2-configuration ion
has the ground-state ~A~ in cubic symmetry. The
lowest excited states arise from the sP configura-
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TABLE I. Peak positions and peak separation of the A, B, and C bands at 20 K, in eV.

1703

A) A2

KBr:Sn '~ 3. 986 4. 080

A2-A) Bg B2

4.260 4. 394 4. 508

B2 Bg B3 B2 Cf C2 C3 C2 Cf C3 C2

4.763 4. 883 5.004

KI ~ Sn2' 3.515 3. 573

0, 094

3.77 3.85 3. 90

0. 134 0. 114

4. 14 4.205 4. 280

0. 120 0. 121

KC1:Sn2+ 4. 29 4. 43

0.058

0. 14
4. 84 4. 98

0. 08 0.05

0. 14
5.240 5. 375 5. 500

0. 06 0.08

0. 13 0.13

KBr: In+I 4. 162 4. 225
0.063

4. 366 4. 429
0. 063

KCl: In' 4. 286 4. 357
0. 071

4. 56 4. 632
0.07

~Bands resolved by computer analysis.

F, (E) = z iE —W~ iexp
(10)

where W~s is the excitation energy at Q, = 0 (i = 1,
2, 3, 4, 5, 5)and

Z=ii v i(ail is)i + . (11)
BA CB

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(s/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 EE mode in (5), we obtain the follow-
ing shape function:

2

(E. E) i 1+ ra3 SKI 3) I2T js 2(E —jss )

)
2-3(Z-W, , )

x exp ~E . (12)
b'kT~

Equation (12) gives a single band with a symmetric
line shape.

Secondly, we take into account only the T mode

E
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in (5). The matrix for the ~T2„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. '
Making use of their results, we have —,

' cQt, (X)

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

FIG. 10. Temperature-dependence of the position of
maximum absorption in the B band for KC1:In+, KBr:Sn2',
and KI:Sn2'.
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(9K' /4b ) [Eq. (10)J for the transition A& E„assum-
ing that the 3E„state interacts only with the E~(Q2, Q3)
modes. E is the photon energy and the predicted line
shape on this model is a band completely split into two
symmetrical parts about E= Ph& .

T, K

FIG. 11. Intensity of the A and 8 bands in Ear: In' as
functions of temperature. A&+A2 means the sum of the
band areas for the two components of the A band. Simi-
larly the curve marked 82+83 is the sum of the areas of
the two components of the 8 band below 90 K. Above 90K
the 8 band was treated as a single band and so 82+83 is
the total area of this band. The curve marked A+8 is
the total area of the A and 8 bands. 2.0—

f = 1, 2, 3)as the eigenvalnes of the T~„state, where

q (Q2~QR+qa)1/2

2 E-g 2 E+g
t, (X)= —~ cos, t,(X) = ~ cos

2 E
fg(X) = ~ cos —,
cosl = 2 &3K, X= 2Q4Q5qq/q

(13)
I.O—

Q3

The line-shape function for the 'A~ 3T~„ transition
is then

0.5—

x 5(E- W~ —cqfi(X)/2) . (14)

I

0 l.0 2.0 5.0

In this calculation we have used the following approxi-
rnation for each component of the dipole strength:

I &„, (q) I'=«'l(~
I J, I ~) I'l (Q4+qs+qs)

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- W )/(c kr*)'@ (15)

x = 2(E-Ns )/ jc*kT
Ru

FIG. 13. Line-shape function f(g)/~/AT* given by
Eq. (16) for the model which assumes that the 8 state is
derived from 3T2„and interacts only with the T2 (Q4, Qs, Q&)
modes. The band shape is symmetrical about E= 8'3& .2gThis model predicts a triplet structure for the 8 band
with a logarithmic singularity at E = T2„due to the fact
that t2Q.) 0 as X 0. This singularity will be smoothed
out by additional interactions with the A«and E~ modes.
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We can then write f(x) as

Xc kT*1T g ~

X pl@(g& d Ad&18,~, . It', (&)1 dh

(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
ca& culated by Toyozawa and Inoue. The splitting
on either side in Fig. 18 is 0.68 (c kT*)', while
that in the C band~ is 0. 91 (c~kT*)'~~. If the shape
function, Eq. {16), is integrated over x, the total
intensity is proportional to T*. The logarithmic
singularity at E= Wsr 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 8 Sand

As mentioned in Sec. II, the B band in KBr: an '
and IG: Sn ' has a triplet structure at low tempera-
tures. Qf the three possible models considered in
Sec. III, only the shape function (14) explains the
triplet structure. This implies that the B band is
caused mainly by the 'A~- ~Tz„ transition, which
is in agreement with the results of the effect of

uniaxial stress on the B band absorption by Bim-
berg et al. 's

So far, we have neglected the mixing of the 37~
state with the other states in the calculation of the
eigenvalues of the 3Tm„state. Making use of (6),
the effective interaction Hamiltonian for the 3T3„
state coupled with the T~~ mode can be written ap-
proximately as

8. Position of 8 Band in Absorption Spectrum

In 1962 Sugano' obtained the following formula
(named Sugano's formula) using the molecular-
orbital model for the s 8p transition. It relates
the positions of the A, B, and C bands to their di-
pole strengths':

Es~ /Ec~ = [I + (2R) @]/(R + 1) . (19)

Here 9 is the ratio of the dipole strengths of the C

lf.,PT„; T„)= ,'cTq+-c' " — (I - -,' T')q',
BA CB

(17} ~

where 1 is the three-dimensional unit matrix, and

@6 0 (18)

Qs Q4

The quadratic term of (1V), which is due to the
A- Ta„mixing and the C- T~„mixing, would explain
the asymmetry of the B band seen in Fig. 4. This
is because (1V) is analogous to the interaction
Hamiltonian for the C state given by Toyozawa and

Inoue, a 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 c (p /E» v/Eos) -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 ~c of the linear term in (1V).
Therefore, we expect theoretically that the B band
of KCl: In' should have a triplet structure like that
of KI: Sn~' and the separation between the compo-
nents be proportional to T*'I~ (see Sec. III). In
fact, the Bz-B3 separation in KBr: In' increases in
proportion to T'~3 at high temperatures, as shown
in Fig. 8. We suggest therefore that another com-
ponent of the B band in KCl: 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: Tl' 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 e.
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and A bands, i.e. , R = p'/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
Es„/Eo„. When the 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 S'~. The ambiguity in
the values of R of KBr: Sn ', KI: Sn ', and KCl: Sn '
shown in Fig. 14 comes from the overlap of the C
band with the fundamental absorption band. It is seen
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
Bband 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 (Tl') 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. III that the B band
in alkali halides doped with Sn ' and Tl' 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 Q
in (IV), which is the second-order perturbation
from the A and C states. Owing to this perturba-
tion, the energy of the B state in Tl' 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 Q is proportional
to coth(e/2kT); therefore the B band shifts linearly
with temperature T, 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 Tl', which have almost the
same values of R and Es„/Ec„, 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: Tl', while in KC1: Tl' the
shift is hardly appreciable. Also, in KI: Tl' the A
and C bands also exhibit a red shift as the tempera-
ture is raised while in KC1: Tl' they exhibit little
shift like the B band. 3
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