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A twelvefold dengenerate perturbation technique is used to determine wave functions and
eigenenergies of the first excited state of T1* in an O, field. The governing Hamiltonian in-
cludes exchange, spin-orbit, static Oy, and dynamic electron-lattice interactions. This dy-

namic interaction is approximated by a term linear in the lattice coordinates.

The resulting

12 X12 interaction matrix is numerically diagonalized, yielding eigenfunctions and eigen-

energies as functions of lattice coordinates.

These results are used to determine transition

probabilities and oscillator strengths for transitions from the 6s? ground state to the 6s6p
excited state. The main conclusions reached are (a) the A, B, and C bands are composed of

subsidiary temperature-dependent bands.
triplet at higher (300°K) temperatures.

The A band is a doublet at low temperature and a
The C band is a triplet at all temperatures, and the

B band is a strongly temperature-dependent doublet. (b) The C- and A-band oscillator strengths

are almost constant over a wide range of temperature.

However, the C-band oscillator

strength decreases at very high temperatures. (c) The B-band oscillator strength is a rapidly
increasing function of temperature, and its shape is zot Gaussian or near-Gaussian at higher
temperature. (d) No transitions occur from the ground state to the 2P, (i.e., |1%4.u)) state.

INTRODUCTION

When heavy-metal ions such as T1*, Pb**, In*,
etc., are substitutionally deposited in alkali-halide
crystals, new absorption and emission bands appear,
These bands are directly attributable to the pres-
ence of the impurity ion,! The purpose of this paper
is to examine the structure of the A, B, and C ab-
sorption bands associated with the T1* impurity ion.
In KC1: T1, measured at liquid-nitrogen tempera-
tures, these bands appear at 5.03, 5.94, and 6. 30
eV, respectively. It is assumed that the bands are
due to phonon-broadened bound-state electron tran-
sitions. These transitions proceed from the non-
degenerate 6s2 ground state to the twelvefold degen-
erate 6s6p excited state of the trapped ion. In the
free ion, the states associated with these configu-
rations are the 'S, ground state and the spin-orbit
split triplet *P, , ; and singlet 'P; excited states.
Only the 'S,~!P,, and the !S,~ ®P, spin-orbit allowed
transitions are observed in the free ion, In the
crystal, these are assigned to the most intense C
band and the less intense A band. The least intense
B band is assigned to the Sy— 3P, transition which
is induced via electron-phonon interactions.?

In addition to giving rise to the B band, this in-
teraction accounts for the observed temperature-
dependent structure of the bands.?=® The structure
is due to the new transitions which occur as a re-
sult of lifting the degeneracy of the excited state,
Thus, in order to investigate the band structure,
we have made a twelvefold degenerate perturbation
calculation on the excited state. The resulting wave
functions are then used to calculate both transition
probabilities and oscillator strengths, Our results
indicate that (a) the C and A bands are composed
of three temperature-dependent subbands, (b) the
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B band is composed of two strongly temperature-
dependent subbands, (c) the C- and A-band oscilla-
tor strengths are almost constant, and (d) the B-
band oscillator strength increases almost exponen-
tially with temperature. The theoretical results
agree very well with recent experimental work done
at Brookhaven National Laboratory.®

WAVE FUNCTIONS AND SYMMETRY CONSIDERATIONS

When a heavy-metal ion such as T1* is substitu-
tionally deposited in an alkali-halide crystal it oc-
cupies an “on-site” position and is thus subjected
to a field possessing O, symmetry. The two-elec-
tron Hamiltonian (two valence electrons), including
spin-orbit, electron-electron, and electron-lattice
interactions, is
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A first-order expansion of the electron-lattice in-
teraction V(¥ R) about the equilibrium configuration
of the lattice, Ry, yields
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Here T refers to electron coordinates and R to ion

coordinates. The first term in the expansion is the
electrostatic O, interaction and the second term is

the linear or dynamic Jahn-Teller interaction.®

Static Interaction

As mentioned above, the 6s? ground state is non-
degenerate and the 6s6p excited state is twelvefold
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degenerate in the quantum number M ;. The spin-
orbit and exchange interactions partially split this
degeneracy into four separate levels which corre-
spond to the familiar Py, °P,, *P,, and °P, states.
The only allowed transitions are the 'S,~ ‘P, which
corresponds to the C band and the spin-orbit allowed
1Sy~ 3P, which corresponds to the A band. The ef-
fect of the static O, interaction V(¥, R,) is to shift
the levels and to partially lift the degeneracy of the
3P2 state. However, this static interaction does not
give rise to any new 6s®— 6s6p transitions.

The wave functions for the ion in the crystal are
constructed by combining the free-ion functions in
such a way that they transform like the basis func-
tions for the irreducible representations of the O,
group. In this way they will be eigenfunctions of a
Hamiltonian which is invariant under the operations
of the O, group. The irreducible representations
corresponding to the free-ion states are 1T1u ~-ip,
*Ey +°Tyy =Py, *Ty= Py, *Ay=°Py, ‘A1 =~'S,.
These basis functions are derived in Ref, 7 and
listed in Ref. 8.

The effect of the spin-orbit interaction is to mix
the |'Ty,) and |37, ) states. The resulting mixed
states are

I Ch=Q0-t Zyve ' YTy vt ' 3T1u>i (3a)

and

[AY ==t " Ty)+ (L= t3)V2]3T,,), . (3b)

Here the subscript ¢ refers to the three states cor-
responding to M; =1,0, - 1. £ is the spin-orbit
coupling constant which is determined by the King-
van Vleck (KV) procedure.® To this point, the wave
functions are eigenfunctions of the Hamiltonian
which includes exchange (accounted for in the KV
procedure), spin-orbit, and static O, interactions,
These wave functions are |C);, |A), |°E,);, [*Ta),
I°Ay,), and |!4,,), where the | T) states are triply
degenerate (i =1,2,3), the |E) state doubly degen-
erate (j =1, 2), and the |4, ,) states nondegenerate.
The primary orbital form of these states is shown
in Fig. 1. It should be noted that the only states
which can be reached by a dipole transition from
the ground state are the |C); and the |A); states
which correspond to the A and C bands.

Dynamic Interaction

Consider now the linear electron-lattice interac-
tion described in Eq. (2). In a normal-coordinate
representation this becomes }; v; @;, where v;, the
electron-lattice coupling coefficient for interaction
with the jth vibrational mode of the lattice, is a
function of electron coordinates. Using the tight-
binding approximation, we assume that the vibronic
modes which dominate the electron-lattice interac-
tion are localized about the T1* ion. In essence, an
octohedral XY, molecule is taken as the model for
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Orbital forms for the 6s6p basis functions
in an Oy field.

FIG. 1.

the T1* ion in a vibrating O, environment. The nor-
mal modes for such a molecule have the symmetries
of the irreducible representations of the O, group.
The group-theory designations for these modes are
Ay, E,, Ty, Ta, and Tp.'°

In determining the wave functions and the eigen-
value splitting of the degenerate state, we have used
the following technique. The Hamiltonian, Eq. (1),
is rewritten as

H=H,+H', (4)

where

2 o>
H' = 62/1’12+Z E(F)N; -8, + V(F, Qo) + Z‘: 71Q; . (5)
i=1

H, is treated as the unperturbed Hamiltonian and

H’ as the perturbation which lifts the degeneracy of
the first excited state., The basis functions for the
perturbation expansion are the eigenfunctions de-
scribed above as |C);, | A);, etc. The approach
has been used by Kamimura and Sugano!! and re-
cently by Honma,!? and in light of our computer
program, proves to be very convenient. Since the
expansion covers twelve states, the perturbation
matrix to be diagonalized is 12x 12, Because of the
choice of basis functions, however, all off-diagonal
elements are due to the linear interaction. Further-
more, since the excited state has odd parity (L =1),
only even-parity modes will contribute to the per-
turbation matrix, These even-parity modes are il-
lustrated in Fig. 2.

Interaction Matrix

The resulting Hermitian matrix is shown in Fig,
3. The terms E,, E,,, etc., which appear along the
major diagonal, are the eigenenergies of the states
ICY, I’E,), etc. We have associated the |C); states
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For a thorough discussion of these constants, the
reader should refer to Refs. 8 and 14. Actually,
another coupling constant related to the breathing
mode (Alg) should appear. However, since this
term appears equally in each diagonal element, its
effect has been absorbed in the energy eigenvalues,
In the actual diagonalization, which was accom-
plished numerically using the Jacobi technique, a
fixed set of values was chosen for the energy terms.
The values of b and ¢ were taken from Ref, 8. The
diagonalization was then carried out for sets of
points in the five-dimensional (@,, Q;, @i, Qs, Q)
“@ space.” Since this space was covered, it is
clear that the general results cannot be very sensi-
tive to the particular choice of b and ¢. The results
of the diagonalization yielded a set of twelve eigen-
values and associated twelve-dimensional eigen-
vectors for each point in the “ @ space. ”

Even-parity vibrational modes.

with the C band, the |°E, and |3T,,) states with the
B band, and | A), states with the A band. The energy
are taken to be the experimental peak energies of
the respective bands. The two values E, and E,,
arise from the static O, splitting of the *P, level
previously discussed.™!® E,, the value associated
with the |3A4,,) state, was estimated by comparing _
the known free-ion levels with the associated levels
in the crystal. In the actual computer calculation,

TRANSITION PROBABILITIES

A subsidiary program was included in the main
program which yielded both corresponding transition
probability and oscillator strengths for each new
state at each point, In this way, it was possible to
follow the energy shifts and the transition proba-
bility of any given state in the @ space., The matrix
element which determines transition probabilities

E,, - E,, was varied from 0,0 to 0.2 eV (the half-
width of the band) and E, was varied by about 25%.
The results proved to be almost completely insensi-
tive to such variations. The constants b and c,
which appear in the matrix, are simply the tetrag-
onal (E,) and the trigonal (T, ) coupling constants,

is (¥ |F|Ay). Ay is the ground state, ¥, is a
final-state superposition of the 12 basis states de-
scribed above, and T =¥, +¥,, T, and T, being posi-
tion vectors of the two valence electrons. It should
be noted that the only contributing final-state com-
ponent is the pure | lTl,, ); which corresponds to the

Cx cy C: 3 Tau *Tauy 2w 3w 3 e Ay Ay A, A
Cx | Ec*GbQy, GeQg GeQg -122 Qr, 1;—08 -% '—,‘,‘ Q, F%'co,, DbQy, DcQg DcQy 0
Cy Ec-6bQ),  6eQ,  -FQs  -BQ, % o, Zreg;  Deas  -DbQ,,  Dcq, o
C Ect/40bQy o,  -%a, tbQ, ~tc Qg 0 DcQy 0cQ,  /ZDbQ, 0
3T2"" Eb;_ 2 Q'| %Qs 'ca'oa - ; Q, 1%04 Fz—ngs FT‘:Qs —% Qg ECQ4
BTZ.,, Ep* %0,2 +Q, +Qg iz Qs -%"‘-Qs FZ—"Q'5 ."2£Q4 Ecos
o Eb 7303 o 75Q £o, -%q, -FbQ, 2 Qg
Eu 730 V30 -5, -0, FeQe 5va,
*Eue Eh;l%os -r%-Fch —'/%Fc()5 0 /-%_bos
Ax E,ﬁHbQ,l HeQg HeQyq o
Ay Ea-HbQ,  HcQ, 0
A Eat/5HbQ; O
*Ate E,

INTERACTION MATRIX

FIG. 3.

Interaction matrix (see Refs. 7 and 12).
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pure 1P1 state. Under O, symmetry the triply de-
generate 1T1u ); states transform as the vector (x,
v,2), which gives rise to the notation |'7y,),, 1 T,),,
and |17,,),. Since the important basis functions
here are spin-orbit mixtures of | 17,) and I3T1),
the transition-probability matrix element becomes

(T, |F|Ay ) =[(A -tV — £ Ty ] (s | #| Ay )1
+[Q- tz)‘/zr,,z -t rf,lO] (1T1uy ,y ,Alg)ﬁ

+[(1= 19Ty o= 1T, 3] (M | 2| Ay . ()
The corresponding oscillator strength is
f=@2m* /38 hv| (¥, |T|¥,) |2, )

Here I} ; represents the jth component of the
twelve-component final-state wave function, ¢ is the
spin-orbit coupling term described above, and x
=X,+Ys, Y=Y,+Ys etc. Because of the symmetry
and two-particle nature of the wave functions, each
of the matrix elements appearing on the right-hand
side of Eq. (6) reduces to*’

1=V [R!R,v*dr [R,R,v"dr . (8)

R, and R; refer to the free-ion p and s radial func-
tions associated with the 6s6p configuration, and
R, to the 6s® configuration., Since we are concerned
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FIG. 4. Energy curves resulting from @, distortion.
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with relative values, the actual value of the radial
integral is not important here.

ENERGY-LEVEL SPLITTING AND BAND STRUCTURE

In general, the linear electron-lattice interaction
results in a complete lifting of the degeneracy of
the first excited state (6s6p). This lifting of the
degeneracy is accompanied by a twelvefold mixing
of the unperturbed excited-state wave functions.

It is this mixing which gives rise to the B band and
the lifting of degeneracy which gives rise to the
triplet structure observed in the C and A Bands.*?®
The lifting of degeneracies is most clearly seen by
considering the effect which variations along one
of the @ axes has on the energy splitting.

Energy Curves

Figures 4-6 show the results of the computer
calculation as intersections of the five-dimensional
energy surfaces with the various (@, E) planes. On
a physical basis it is not difficult to interpret these
results., Consider, for example, the effect of @,
distortion (Fig. 7) on the C and A bands. Figure 7
shows the vibrational mode and the primary orbital
form of the |C), and |A), states. It should be noted
that the | C), states transform essentially as polar
vectors, while the |A), states transform as axial
vectors.” Because of the symmetry in the xy plane,
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the energy variations of the |C), and |C), states
should be identical and should be odd functions of
@;. The effect of the @, on the | C), state should
be opposite to and more pronounced than that on the
IC) and | C), states. This is because in the @,
mode the ions along the z axis vibrate out of phase
and with larger amplitude than the ions located on
the x and y axes.!® In the case of the |A) states,
the effect on |A), and |A), should be identical be-
cause of symmetry. Using the amplitude-phase
argument above, the energy variations of these
states should be opposite to that of the | C), and
|C), states. The |A), state is affected principally

T A

(a) (b)

FIG. 7. (a) Interaction of @; mode with |C), state;
(b) interaction of Q3 mode with |A), state,
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FIG. 8. Interaction of @; mode with |4), state.

by the in-phase ion motion in the xy plane. Hence,
its energy variation should be opposite and stronger
than that of the |A,) and |A,) states. As in the
case of the | C) states, the energy of the | A) states
should be odd functions of @;. Figure 5 confirms
this analysis.

Similar arguments concerning the effects of pure
modes on any of the excited states yield the same
type of qualitative agreement with the computed re-
sults, It should be noted that, in several instances,
the energies are even functions of the distortion and
that significant departure from linearity can be ob-
served. This nonlinearity is due to the contribution
from off-diagonal elements. A glance at Fig. 8,
which shows the interaction between the @;-trigonal
mode and the | A ), -state orbital, reveals immediate-
ly that the energies for this state are even functions
of @s. If the oscillator strengths for these even
energy states are not negligible, then nef splitting
should occur,

Oscillator Strengths

The oscillator strengths were determined by add-
ing the oscillator-strength components of a given
band. These components'” followed the sense of the
energy shifts in the @ space, increasing with in-
creasing energy and decreasing with decreasing
energy. The conclusion is that the band shapes
should exhibit increased absorption toward the blue.
Figure 9 shows the general behavior of the oscilla-
tor strengths ofthe A and C bands. Because this
behavior was effectively the same for any coordi-
nate @ or combination thereof, the abscissa in this
figure is simply labeled as @. It can be seen that
the oscillator strengths are essentially constant
over a wide range of . Only at extreme values
does one notice a decrease in the C-band oscillator
strength, The computed B-band oscillator strength
shown in Fig. 10 is in sharp contrast to that of the
A and C bands. It is strongly coordinate dependent
and exhibits an almost exponential growth, The
fact that C-band strength decreases at high @ val-
ues is not surprising in light of the extreme B-band
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FIG. 9. C- and A-band oscillator strengths.

growth. The meaning of the results is clear, Since
@ is a measure of the temperature, varying roughly
as TY2, the calculation reveals that (a) The A- and
C-band oscillator strengths are almost temperature
independent; (b) the B-band oscillator strength is
strongly temperature dependent; (c) in the high-
temperature region a decrease in the C-band oscil-
lator strength should be observed; and (d) since the
B-band oscillator strength is mode dependent, its
strength should be affected by applied uniaxial
stress.

Table I compares the oscillator-strength calcula-
tions with recent experimental results. Since an
arbitrary value of 1.4 a.u, was used for the radial
integral (see Ref. 15), no quantitative significance
can be attached to the calculated results, Despite
this, the table has several interesting features,

The computed C- and A-band oscillator strengths
are consistently higher and lower, respectively,
than the experimental results. This is because the

STAUBER, AND MARION
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FIG, 10. B-band oscillator strengths; (a) @,;=@Qs;
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value of the spin-orbit coupling parameter (¢£=0.37)
obtained by the KV procedure is too small. From
Egs. (3) and (7) it can be seen that the ratio of C-
to A-band oscillator strengths varies as

(Ec/E4) (1 =-t2)/t2, ()

A value of ¢ =0. 40 !® yields the parenthesized re-
sults which compare favorably with experiment,
indicating a stronger spin-orbit coupling than in the
free ion.

The B-band results are clearly in disagreement
with experiment and the increased spin-orbit cou-
pling does not help. However, there are two im-
portant reasons for this disagreement. The first
is that it is impossible to make an a priori unam-
biguous correspondence between @ value and tem-
perature. In the case of the C and A bands this was
unimportant since their oscillator strengths are al-
most constant over a wide range of @ values. On
the other hand, the B band is strongly temperature
dependent, This makes the correspondence essen-
tial for a determination of B-band oscillator
strengths at different temperatures, The second
reason is more subtle, Because of its strong tem-
perature dependence, the B band is simply not Gaus-

TABLE I. Oscillator strengths, KC1:Tl.
20°K 300°K 600 °K
Band Calc Expt Calc Expt Cale Expt
(Ref. 5) (Ref. 5)
0.52 0.48 0.52 0.47 0.508 cen
C (0.50)2 (0. 50) (0. 49)
0.066 0.077 0.067 0.075 0.068 ces
(0. 075) (0. 076) (0. 077)
B 0. 001 0.005 0.007 0.032 0.17
C/A 7.9 6.3 7.7 6.3 7.5
6.7 6.6)2 6.4)
C/B 520 95 74 15 30 ves

®Values in parentheses were obtained using a spin-orbit coupling parameter of 0,40 (Ref. 8).
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sian or near-Gaussian at higher temperatures
(~300 °K). Thus any experimental determination
which assumes such a band shape is in error. In-
deed, in our calculations it was found that at higher
temperatures the upper E, (B-band) levels actually
merged with the lower C-band levels. This means
that any subtraction technique used to separate the
C and B bands at higher temperatures is certainly
questionable., We are in the process of determining
the shape of the B-band as a function of temperature.
These results should resolve some of the difficulty.

SUMMARY AND CONCLUSIONS

A summary of the above computed results is that
for each band there is at least one mode (a) for which
the energy splittings (positive and negative) are even
functions, and (b) for which the corresponding os-
cillator strengths are not negligible. From this the
following conclusions may be reached: (i) Net tem-
perature-dependent splitting of the A, B, and C
bands does occur. This has been experimentally
observed by a number of investigators, most re-
cently by Fukuda® and Esser.’ Figure 11 compares
the experimentally analyzed splitting with that com-
puted using only a @, interaction. Despite this gross
oversimplification there is reasonable agreement.
Certainly a more complete analysis such as used
by Cho'* would improve the situation. (ii) In the
case of the C band, a resolvable triplet structure
is expected since the degeneracy of this state is
completely removed under @ for all temperatures.
This has been experimentally observed®!® (iii) For
the A band, a doublet structure is expected at low
temperatures where the degeneracy is not complete-
ly lifted. However, athigher temperatures (~ 300 °K),
a triplet structure should be observed. This has
been verified experimentally.**2° (iv) The B band
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should exhibit doublet structure since the computa-
tion reveals that only transitions to the two |°E, )
states are nonnegligible, Recent analysis of the B
band under uniaxial stress supports this prediction
of a doublet structure.?! At temperatures close to
the melting point, the B band may exhibit more
structure. However, we were not able to explore
this possibility because of the intrinsic limitation
of our perturbation scheme. (v) All of the bands
should broaden with increased temperature. This
is because of the instantaneous splitting and the fact
that net splitting increases with increasing tempera-
ture. This has been observed.®® (vi) The A- and
C-band oscillator strengths should be almost con-
stant over a wide range of temperature. This agrees
with the experimental results.>”? However, at high
temperatures close to the melting point, a definite
decrease in C-band oscillator strengths should be
observed. Patterson’s work® indicates that this is
the case. (vii) The B-band oscillator strength
should be a rapidly increasing function of tempera-
ture. This has been observed experimentally.®?
(viii) The three bands should exhibit stronger ab-
sorption toward the blue. In the case of the A and
C bands this seems to be the case as indicated by
the asymmetry of the bands.** (ix) No transitions
from the ground state to the 13A1u> state take place.
This is because the transition probability to the
I*°A,, state remained effectively zero throughout the
range of @ values considered, This means that in
an O, environment, the |°A,, state does not mix with
the |'T,,) or with the |37,,) state. On the basis of
our model, we would not expect this state to contri-
bute to the emission spectra unless an external
stress were applied which would change the basic
host symmetry.?*% No lower-energy absorption
bands associated with T1* have been observed.

FIG. 11. Predicted absorption
peaks using only trigonal distortion
compared with experimental results
(see Ref. 5).
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In general, wherever contact can be made between
experiment and theory, there is excellent qualita-
tive agreement, This lends strong support to the
model and method of attack we have used. The logi-
cal extensions of this problem, namely, the theo-
retical interpretation of the emission spectra, the
effects of uniaxial stress on the absorption and
emission spectra of KCI1:T1, and B-band shapes will
be presented in subsequent papers. Furthermore,
although the results were derived for KCI1:T1, the
theory and general conclusions should be applicable
to any heavy-metal ion such as Pb**, In*, etc., em-

STAUBER, AND MARION
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bedded in alkali-halide crystals.
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