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Identification and analysis of the Tlz+ ESR spectrum in KC1:Tl+
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The X-band electron-spin-resonance spectrum of the Tlq+ center, i.e., an electron trapped
by a Tl+-Tl+ impurity dimer in heavily doped KCl:Tl+, has been identified by the correla-
tion of its formation and decay properties with those of the known Tlz+ optical-absorption
bands. A spin-Hamiltonian fitting further supports this conclusion. A quantitative analysis
of the hyperfine components shows that exchange polarization and s mixing both play an
important role in the O.

g ground-state hyperfine interaction. A similar analysis of the g
components yields the energies of the excited ~g states, and this combined with the optical-
absorption data permits one to propose an energy-level scheme of the T12+ center in KC1.

I. INTRODUCTION

The electron- and hole-trapping properties of iso-
lated Tl+, In+, and Ga+ impurities in the alkali
halides subjected to ionizing radiation have been ex-
tensively studied. The Tl+(6s ) ion, in particular,
has received a great deal of attention. Hole trapping
results in Tl +(6s') formation' while electron
trapping at 77 K produces the primary Tl (6s 6p')
center, ' called Tl (0). These Tl + and Tl (0) de-
fects both occupy unperturbed positive ion sites in
the crystal. Recently complex Tl, In, and Ga
centers called Tl (1), Tl (2), etc., were investigat-
ed; they involve one or more anion vacancies and
they promise to be very interesting for the produc-
tion of near-infrared color-center lasers. '

In order to obtain high Tl (1) center laser outputs
the alkali halides are heavily doped with Tl+ ions.
However, with -increasing Tl+ impurity levels the
concentration of nearest-neighbor Tl+-Tl+ pairs
rises rapidly and these impurity dimers too can trap
electrons and holes. The presence of these dimer
centers introduces new optical-absorption bands
which inay interfere with the lasing properties of the
crystals. It is therefore important to know the prop-
erties of these centers. The electron-spin-resonance
(ESR) spectra of (110)-oriented T12 + species were
observed recently in KC1:Tl+ and they clearly
represent holes trapped by Tl+-Tl+ dimers. '

Some time ago the trapped electron dimer center
T12+ was identified in KC1:Tl+ by optical-
absorption measurements. " This work was con-
firmed and extended to other Tl+-doped alkali
halides. ' ' In KCl:Tl+ the T12+ center is charac-
terized by optical-absorption bands- at' ' 460, 860,
and 1760 nm.

This paper discusses the identification and
analysis of the ESR spectra of the T12+ center in
KCl:Tl+. This is not a routine procedure because
the T12+ hyperfine (hf) interaction is comparable to
the X-band microwave energy that is being used and
because isotope splittings are not resolved from the
rather broad linewidth. Therefore, in Sec. III the
production and decay of the ESR spectrum is shown
to correlate with the behavior of the Tlz+ optical-
absorption bands. In Sec. IV it is then proven that
the ESR spectrum does indeed originate from a
T12+ molecule ion. Finally, in Sec. V the T12+ elec-
tronic structure as derived from the ESR data is dis-
cussed and these results are combined with the opti-
cal data' ' to propose an energy-level scheme for
the T12+ center.

II. EXPERIMENTAL

The experimental procedures and the KC1:Tl+
samples used were the same as in Ref. 5. We only
recall here that several KC1:Tl+ samples were used
in the present investigation ranging in Tl+ concen-
tration from lightly doped (-1X10 ~ mo1% of
Tl+) to heavily doped (2.2&&10 mol% of Tl+).
The melts from which these crystals were grown
contained at least an order of magnitude more Tl+.

III. CORRELATION OF THE T12+
OPTICAL-ABSORPTION

AND ESR DATA

The ESR spectrum which we shall identify with
the T12+ species in Sec. III is produced with easily
observable intensities in KC1:Tl+ crystals by a rela-
tively short ( —10 min) x irradiation at 77 K. It is
important to notice that it is not or barely observed
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in the lightly doped KC1 crystals ( & 10 mol% of
Tl+}, whereas it is very strongly produced in the
heavily doped specimens (-2.2&(10 mol% of
Tl+). In optical-absorption measurements one no-
tices the absence of, e.g., the 460-nm T12+ absorp-
tion band in the weakly doped crystals while this
band is prominent in the heavily doped samples.
Furthermore, in two specimens for which the Tl+
concentration differed nominally by a factor of 5 the
ESR intensity was about 30 times stronger in the
more heavily doped specimens suggesting trapping
by pairs of Tl+.

In order to establish more firmly the connection
between the ESR spectrum and the 460-nm band
pulse anneal experiments were performed with both
techniques. Results obtained for the most heavily
doped KC1:Tl+ sample ( -2.2)(10 mo1% of
Tl+) are presented in Fig. 1. The Tl center' [called
the primary Tl (0) center in Ref. 5] formed by sim-

ple electron trapping by a substitutional Tl+ impuri-

ty, decays around 220 K by loosing its electron.
One notices in passing that this is about 40 K lower
than in the lightly doped KC1:Tl+ crystals.

As Tl decays the 460- and 1760-nm T12+ bands
increase substantially suggesting indeed the retrap-
ping of the freed electron by a Tl+-Tl+ dimer. Con-
tinuing, one observes the disappearance of the 460-
nm T12+ absorption in the temperature region
around 280 K. Figure 1 also presents the ESR data
on a KC1:Tl+ specimen cut from the same boule. It
is seen that the change in ESR intensity parallels
within experimental error the behavior of the 460-
nm T12+ absorption band. The difference between
the two types of data can be attributed to a slight
difference in thermometry calibration between the
two experimental setups. These experiments were
repeated a few times, also in crystals with a some-
what lower Tl+ concentration, and each time the
correlation was confirmed. The only variation is
that the decay temperatures were systematically
shifted to somewhat higher values in the less strong-
ly doped crystals.

The fact that the T12+ center concentration is
high after a rather short x irradiation at 77 K under-
scores that it is produced by a simple electron trap-
ping process and that no anion or cation vacancies
are involved in the defect structure. Indeed, these
vacancies become mobile only above 240 K (Refs. 5,
17, and 18) and the production of anion vacancies
requires the creation of halogen interstitials, a pro-
cess that is roughly an order of magnitude less effi-
cient than electron-hole pair production. '

IV. ANALYSIS OF THE T12+ ESR SPECTRUM

The results of Sec. III as summarized in Fig. 1

strongly support the conclusion that the ESR spec-
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tra observed in strongly doped KC1:Tl+ originate
from a T12+ species. Therefore, these ESR spectra
which are shown in Fig. 2 were fitted to a spin
Hamiltonian of the form (usual notation)

1
H g S+S A ( I i+ I2),

gog'oPa
1

with Ii =I2 —,, the —valu——e of the thallium nuclear
spin. An angular variation of the spectra shows
them to possess orthorhombic symmetry with a set
of axes being, e.g., z~~[110],x~~[110],andy~~[001].
This is consistent with the D2i, symmetry of the
T12+ center whose molecular axis z is along (110)
(see Fig. 3). The ESR spectra in Fig. 2 are designat-
ed by the polar angles (H, qr} of the external field
with respect to a set of center axes (x,y,z); 8 is mea-
sured from the internuclear axis z, and y is mea-
sured from x.

Thallium has two isotopes both with nuclear spin
—,: zo5T1 which is 70 at. % abundant ( pl ——1.6115
nuclear magnetons) and Tl which is 30 at. %
abundant ( pi —l.5960 nuclear magnetons). Ig-
noring isotope effects for a moment, the Tli+ ESR
spectrum should consist of three hyperfine lines
with intensity ratios 1:2:1 provided the hyperfine
term in (1) is much smaller than the Zeeman term.
If A is large the degenerate line will be split because
of higher-order hf effects and a spectrum of four
equally intense lines should be seen. A glance at
Fig. 2 shows that the hf interaction is large and that
the latter case should apply. Taking isotope effects
into account one expects three T12+ species, i.e.,

FIG. 1. Behavior of the Tl2+ ESR signal (X), in a
pulse anneal experiment showing that its creation [when
the primary Tlo center (0 ) decays] and its decay coincide
with the changes in the T12+ optical-absorption band (T)
at 460 and 1760 nm in a similar pulse anneal experiment.
The KCl:Tl+ crystals had, in both cases, first been x irra-
diated for 10 min at 77 K.
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FIG. 2. T12+ ESR spectra in KC1:Tl+ recorded at X-band frequency 9.16 GHz and at 15 K [(a) H!!(110)and (b)

H!!(100)]. Around this temperature the signal is most strongly observed. The sample had prior been x irradiated for 10
min at 77 K and warmed up to 240 K for about 2 min (see Fig. 1).

(205T1 205Tl)+ (205Tl 203Tl)+ and (203Tl 203Tl)+

with intensity ratios 49:42:9. No such isotope split-
tings are observed in the lines of Fig. 2, indicating
that they must be smaller than the linewidth. The
latter is considerable, varying between 4.0 and 6.0
mT. The quantitative fit of the spectra should con-
firm the absence of observable isotope splittings.

One obtains indeed a very good fit of the ESR
spectra to spin Hamiltonian (1). The fitting pro-
cedure is not a trivial one because the hf interaction

with the two Tl nuclei is comparable to the X-band
inicrowave energy. A numerical diagonalization of
(1) is required together with a careful identification
of the transitions involved.

The g and A components of 'T12+ as presented
in Table I were obtained from a least-squares fitting
of (1) to the ESR lines and the quality of the fit is il-
lustrated in Table II.

It is seen that the fit is very good, differences be-
tween the observed and calculated line positions only
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once amount to -0.6 mT. Furthermore, the calcu-
lated isotope splitting between the almost equally
abundant ( Tl- Tl)+ and ( Tl- Tl)+ never
exceeds 20% of the experimental linewidth, making
the splitting unobservable.

Figure 4 illustrates for 8=0' (H~~(110)) where
the observed ESR transitions originate from. One
rigorous selection rule independent of the relative
strength of the hf interaction and the Zeeman ener-

gy is M =0 ( I = I ~+ I2) which is equivalent to a
conservation of parity for the nuclear spin-wave
functions. For other differences it was verified by
an explicit numerical calculation that their transi-
tion probabilities were negligible. Only the two solid
double arrows in Fig. 4 correspond to strong transi-
tions of comparable intensity. From this figure it is
also seen that the hf interaction is comparable to the
microwave energy. In fact, by sheer accident the

3 3
zero-field hf splitting between the F= , , m~ ——+——,

and the F= —,, m~ ——+ —, states (F=S+ I ) is nearly
identical to the 9.2-0Hz microwave energy, and as
Fig. 2 shows some very low-field (below 20 mT)
ESR lines are observed. The broken double arrow in
Fig. 4 indicates their origin. It was checked careful-

ly that these low-field lines possessed exactly the
same thermal formation and decay properties as the
main T12+ ESR lines. Their presence thus under-
lines the correctness of the ESR analysis and its
identification with T12+.

It should be emphasized that the identification
and analysis of this X-band ESR spectrum is not a
trivial one. We have so far carefully avoided giving
a qualitative analysis of the ESR patterns in Fig. 2,
because in trying to do so one is inexorably led to an
incorrect interpretation. Indeed, for every (H, p)
spectrum in Fig. 2 one observes only two lines. Iso-
tope splittings which might give a further clue are
not resolved and consequently one is led to the con-
clusion that the ESR spectra originate from a
species involving a single-Tl nucleus. In fact, one
can analyze the spectra with a single-nucleus I= —,

spin Hamiltonian and one obtains for the g com-
ponents g, = 1.4263, g„=0.8056, and gz

——0.9633.
These numbers look reasonable and suggest that one
would be dealing with a Tl atom defect, because
they resemble those of the Tl (1) and Tl (2) defects

FIG. 3. Schematic two-dimensional model in a [100]
plane in KC1 of the T12+ center, i.e., an electron trapped
by a pair of substitutional Tl+ ions. The (110)-oriented
center possesses D2I, symmetry.

in KC1. The hf components in this analysis are
mT, ~Ag

~

=147.1

~ A~
~

=144.3 mT. These do not look so reasonable
because they are roughly half the size of the Tl (1)
or Tl (2) hf components.

However, the additional reason for rejecting the
single-nucleus I= —, spin-Hamiltonian description
comes from a quantitative fit of the ESR lines ex-
actly as for T12+ in Table II. %'hen comparing
these fits it is abundantly clear that the T12+ fit is
superior. First, the calculated isotope splittings
reach in this case 40%%uo of the linewidth for some
lines and this should be observable in the line shape.
Second, the differences between the experimental
and calculated line positions are consistently larger
than in the T12+ case reaching -1.7 mT in a few
cases. Comparing the root-mean-square deviations
one finds 0.28 mT for the T12 fit, while it is 0.97
mT for the single I= —, nucleus fit, which is consid-
erably worse. Finally, because of the much smaller
calculated hf parameters in the Tl type fit, no
zero-field ESR lines should be observed while they
are very clearly present in Fig. 2.

Thus, even on pure ESR grounds and not know-

TABLE I. Spin-Hamiltonian parameters of the ~0T12+ center in KCI:Tl+ at T=15 K.
The hyperfine parameters and the linewidth hH (between points of maximum slope) are given
in mT.

gz
[110]

1.7618
+0.0006

gx
[110]

1.0997
+0.0005

gy
[001]

1.3094
+0.0005

A,
[110]

+ 190.4
+0.1

A„
[110]

—257.5

+0.1

Ay

[001]

—259.3

+0.1
5.0

+1.0
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TABLE II. Comparison of the experimental and calculated ESR line positions of T12+ us-

ing the parameters of Table I and spin Hamiltonian (1). Also included are the experimental

linewidth dH and the calculated isotope splitting (IS) between (~0'Tl-20'Tl)+ and (~0'Tl-~O~T1)+.

All units are given in mT.

Hexp

LH
IS

372.2
371.9

4.9
0.01

8 =0'

498.3
498.2

4.0
0.29

8 =90'
q=0'

596.1
595.8

0.02

8 =90'
q =90'

500.4
500.4

5.8
0.02

8 =90'
y =90'

810.8
810.8

6.0
1.2

8 =45'
y=O'

446.0
446.1

4.8
0.01

Hexp

H~,
ddt
IS

8 =45'
y=O'

631.4
631.6

5.3
0.53

8 =60'
q) =54.74'

471.1
470.9

5.0
0.01

8 =60'
y= 54.74'

709.6
709.4

6.0
0.81

8 =35.26'

y =90'

403.2
403.2

5.0
0.01

8 =35.26'

y =90'

564.0
564.3

0.44

8 =90'
y =35.26'

557.5
558.2

0.02

ing the results of Fig. 1, one must conclude that a
two-nuclei spin-Hamiltonian fit is superior to a
one-nucleus fit and that the Tlz+ identification is
correct.

V. ELECTRONIC STRUCTURE OF Tlg+

The discussion of the Tlz+ electronic structure
will be based on a simple linear combination of
atomic orbitals picture similar to the one used for
the Vx center ' which is essentially a homonuclear
Xi halogen molecule ion. In fact, the Tli+ and

Xi molecules possess for our purposes complemen-
tary electronic configurations: In Xi the eleven
valence np (n =2,3,4,5) electrons of X (nps) and
X (np ) are accommodated in six molecular orbi-
tals according to the scheme (os) (m„) (ms) (o„)'. 5)

A. g components

The Tli+ g components can be written as (see Fig.

In T12+ there is but a single-p valence electron
(Tl:6s 6p' and Tl+:6s ) and only the bonding trs
orbital is singly occupied. A very schematic orbital
scheme of the Tlz+ is presented in Fig. 5.

The complementarity of the Tli+ and Xq con-
figurations means that the formal expressions for
the g and hyperfine components as derived for Xz
also apply to the T12+ case provided one changes the
sign of spin-orbit coupling constant in these expres-
sions. We refer to Ref. 21 for more details about the
calculation.

9.2
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F =3/2, mF=+1/2

F= 3/2, mF-+3/2
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FIG. 4. Energy-level scheme of the T12+ ground state as a function of the magnetic field H for 8 =0', i.e., when the

magnetic field is parallel to the T12+ molecular axis z. The solid vertical double arrowed lines identify the two main ESR
transitions observable at X band and the broken double arrow indicates the very low-field ESR lines. Both types of T12+

lines are observed in Fig. 2.
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FIG. 5. Schematic valence orbital scheme of the free
T12+ molecule ion with the single unpaired electron in the

o~ ground orbital.

ag ——kgb,g,
bs ks[b,s+(hs+——A,s

}'~ ],
where kg is determined by ag+bg 1, and 58 is the
crystal-field contribution to the splitting of the ns
states. A,(T1 }=5100cm ' is the spin-orbit coupling
constant of the 6p electron of the Tl atom. The
parameter 5 is the value of orbital angular momen-
tum between os and ms with a similar definition for
5, between the ms. For a free T12+ molecule 5, is
exactly 1, but if the excited ns orbitals in the T12+
center would be somewhat delocalized over the sur-
rounding ions, its value would be smaller. For 5 one
calculates

5 =2Psps 1 ——,(S +S )

T

R (6s 6p, )
—S .

in which R is the T12+ internuclear distance,
(6s

~

5/Bx
~
6p„~ ) an atomic integral, and S and

S and S, are overlap integrals. Inasmuch that
the overlap integrals are &&1, 5 is very well approx-
imated by

5=1—agpgR 6s 6p„
a

Bx
(4)

The value of 5 depends very sensitively upon the
molecular parameters, ag in particular, which is
very hard to calculate accurately (see Sec. V B). Es-

timating R (Tlq+} to be about 7 a.u. and using the
X2 parameters as an approximation ' (in particu-
lar, as ——0.15) one finds

5 =0.67 . (5)

Ej ——E)g ——E2g,

and assuming 5,= 1, one finds

5=0.42,
which is surprisingly low. It should caution one not
to try to push the accuracy of the analysis based on
expressions (2).

Because the expression for b,g~~ is simpler, As/E&
will be calculated from it rather than from hagi. By
doing so one avoids using the 5 parameter which is
not well known. However, the difficulty is now
shifted towards the estimation of 5,. Taking
5, =0.8, i.e., assuming some delocalization for the
excited ms orbital, one finds

This 5 value is not unreasonable, but it is useless at
this point to try to improve the accuracy of the es-
timation.

As in the case of the Vx center ' one can calculate
an experimental 5 value by combining the experi-
mental g components of Table I with expressions (2).
In an axial approximation

1

gi = —,(g.+g, }

and
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=0.45,
Ej

(8)

a value which is only 10% smaller than that when

5,= 1 would have been taken. Such changes are well
within the expected precision of the present analysis
and again it is useless to try to push it further. Note
in passing that this Ag/E& value increases the ex-
perimental 5 value to about 0.50.

Taking the V» center molecular coefficients again
as an approximation one finds from (3a) that
A,g -4900 cm ' and thus from (8)

E~——1.30, (9)

expressed in units of eV. Furthermore, expressions
(2b) and (2c) lead to

25k,g
g~ —

gy =
2 Ag,

E~
from which

~

b,g ~

=0.50 eV. This crystal-field
splitting is comparable to the Xg ——0.61 eV spin-orbit
splitting and in lowest order the total separation of
the two ~g states is given, again in eV, by

'

Eig Eig (A,g+—hg)'~——=0.79, (10)

whence

cussed shortly. In (14) the value of (r ), is given

by 1.07(r )hf where (r )hr is calculated over the
6p function of the Tlo atom. It can be calculated
from expression (22) in Ref. 5 representing the Tl
hf components At~" and Ai" calculated to lowest or-
der. The hf components appropriate for a single-6p
Tl function are obtained by applying the strong-
crystal-field limit (Ei = I/i/2 and Ki ———v 2/v 3).
Taking the traditional phase convention, ' which
means changing the sign of A i", one obtains the an-
isotropic part of the hf interaction from A tI' —Ai".
From this one finds (r )br=205)&10 cm and
whence

(r ),=219X10 (15)

A~ =—14.5,
p, =44.7,

(16)

(17)

measured in cm
The ESR experiment does not yield the signs of

the hf components. By inspecting the various sign
combinations we have found that only the choice

A~| &0 and Aj &0 as presented in Table I yields
physically acceptable results. With this choice and
using the results of Sec. VA one calculates from
(13a}and (13b}that

Ejg=1.70,

E2g 0 90 (12)

both in units of mT. It is hard to gauge the accura-
cy of these numbers, but +20% would seem like an

upper limit.
Combining (14), (15},and (17) one finds

2 Pl
p, = —, , p, &.

—), (14}

and p, -=1.13pI. The isotropic part A will be dis-

B. Hyperfine components

The Tli+ hf components including corrections up
to second order are '

2
A,g Pg 1 A,g

Aii =A~+2Ps+3 ps 2 A&
g Eig

2 2 2 2 2

+2
A,g pg 5 A,g pg Ag

E2 p2Ps+ 2 E2 p2PI E2 Ps i (13a)
g g

3 Ag Pg Ag Pg
Ai =A~ ps —ps —5E— pr-

g

gg ] A,g 9 Ag Pg
2 2 2 2

2 Ei 2 Ei P 4 E~
Lg g
2 2

2
5 Ag pg (13b)
2E~ pg

in which the anisotropic part p, of the hf interaction
is given by

Pg
-—0.32, (18)

which is on the low side when compared to the cor-
responding quantity for the Xz V» center

pg ——0.41. Still, the result is reasonable enough to
permit the conclusion that the measured hf com-
ponents of Table I are quite compatible with a Tli+
species.

The low pg=0. 32 value may be caused at least
partly by an accumulation of uncertainties in the
parameters occurring in (13). It could, however, also
refiect a delocalization of up to 30% of the unpaired

og orbital on the halogen ions surrounding the T12+.
This may seem quite large but then it should be
stressed (see Table I} that the linewidth is very sub-

stantial, namely, -5.0 mT. This is too large to ex-
plain by simple dipole-dipole interaction between the
erg unpaired electron spin and the surrounding halo-
gen nuclear moments. Furthermore, Sn+, Ga, In,
and Tl centers in KC1 exhibit covalency effects,
with the np' electron residing up to 30% on one or
more adjoining Cl ions. ' This makes a com-
parable delocalization of the T12+ og electron quite
plausible. If this is indeed so, then the excited orbi-
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tais should be similarly delocalized. For w~, in par-
ticular, this could result in a reduction of the 5,
value as discussed in Sec. VA. By the same token,
the value of 5 could be further reduced beyond the
amount expressed by (5).

We now turn to the isotropic part 3 of the hf in-
teraction. If it is solely caused by s mixing into og,

is equal to

where 6s (0) is the value in the origin of the Tl atom
6s function. A:—A' should be positive, but as the
experimental value (16) demonstrates this is definite-
ly not the case for T12+. Negative A values are
caused by exchange polarization effects and they can
for T12+ formally be written as

AU

2 f33

2
~3U

2
82g

2
82U

A
g

0.70

I

1.70)
I

I

I

I

I 0.90'
I

'
I

D

2Tt(1)
g

2'(„1)

g
2Tt'(2)

2p
g

(20)

where (IJI/I)(r ), represents the exchange polari-
zation contribution to the free Tl atom hf interac-
tion of the 6p valence electron. This value can be
again obtained from formulas (22) in Ref. 5 by tak-
ing the strong-crystal-field limit (IC& ——1/v 3 and
E2 ———W2/W3). Working with the traditional
phase convention, ' which means changing the sign
of AI", one obtains from —,(AI~" +2AI")

(pl/I)(r '), = —110.7,
in units of mT, and according to (20) and using

Ps -0.32 its contribution to the isotroPic Part of the
T12+ hf interaction (again in m T) should be at least

A' = —35.4 .

The difference between this value and experimental-
ly determined one in (16) can be attributed to the
mixing of 6s into 6p, and so, in units of mT,

as i
6s(0)

i
=—21.

This allows within the framework of this simple
analysis a determination of as provided 6s(0) of Tl
is known. We will not do this exercise because it is
at best of limited quantitative value. We only em-
phasize that this analysis clearly shows that ex-
change polarization and s mixing both play an im-
portant part in the hf interaction in the o-g ground
state of T12+.

C. Energy-level scheme of the T12+ center

The results of the g analysis as summarized in
(11) and (12) can be combined with the optical-

FIG. 6. Energy-level scheme of the T12+ center in
KCl:Tl+ as derived from the g-component analysis in this
paper and the optical-absorption measurements (Refs. 13
and 15).

absorption data to propose an energy-level scheme
for the T12+ center. In Kcl, three T12+ optical-
absorption bands have been identified' ":460, 860,
and 1760 nm, corresponding to the energies 2.70,
1.44, and 0.70 eV. It seems reasonable to identify
the first transition with the oz —+O„excitation and
the remaining two with the erg —+m„ transitions.
The situation is summarized in Fig. 6. Note that if
this identification is correct, the energy splitting of
the m„state is

E)„—E2„——0.74 eV=(bg+A, „' )'~,
where I,'„=2P„p„i(T1 ) =0.67 eV and so the
crystal-field contribution b,„(in eV) to the splitting
of 1T„ is

6„=0.31 .

The proposed level scheme in Fig. 6, though quite
plausible, must of course be checked by more de-
tailed investigations.
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