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A detailed phenomenological theory of the triplet luminescence from self-trapped excitons in halide

crystals is developed. Energy levels and wave functions are obtained by constructing and diagonalizing a
Hamiltonian matrix. Coupled rate equations for the decay of the three lowest triplet levels are solved

for the general case in which the levels are not in thermal equilibrium, and circular polarizations, light
intensities, and excited-state lifetimes are obtained as functions of temperature, magnetic field, and
crystal orientation. KI and CsI excitons are used as detailed examples; the latter is of particular
interest because it appears to exhibit a level crossing at ~45 kG. The theory is also appropriate to
other systems, including the excited M center and the relaxed excited Tl+ ion in alkali halides.

I. INTRODUCTION II. THEORY

A number of atomic, molecular, and solid-state
systems involve the electronic configurations (p's)
and (sp). For example, the lowest excited states
of Tl'-like ions' are (in the absence of configura-
tion interaction) derived from Tl' 6s 6p. When Tl'
is in a crystal, the symmetry is lowered and addi-
tional splittings and mixings occur. Other con-
figurations may also become important, but in
zeroth order a number of effects are described as
occurring within the 6s 6p configuration.

Excitons in rare-gas solids and in alkali halides
may be approximately constructed from a p s con-
figuration on the rare-gas atom (or halogen), suit-
ably modified to take into account crystal effects.
It is found that at low temperatures these excitons
may become self-trapped' into a molecular-type
species. In the case of the alkali halides, this
self-trapped exciton (STE) may also be regarded
as a V~ center pt.us an electron. This is still an
excited state, which may decay to the ground state
either radiatively or nonradiatively,

Considerable experimental work has been per-
formed, in both luminescence and absorption, on

the systems mentioned. '~~ Some of this work has
involved the measurement of circular dichroisms
or radiative-lifetime changes in external magnetic
fields. In this paper we develop a simple phenom-
enological approach to calculate energies and wave

functions as a function of magnetic field. Coupled
rate equations for the decay of the three lowest
STE triplet levels are solved for the general case
in which the levels are not in thermal equilibrium,
and light intensities, excited-state lifetimes, and

circular polarizations are obtained as functions of
temperature, magnetic field, and crystal orienta-
tion. Self-trapped excitons in KI and CsI are
treated as examples. Some preliminary results
of this work have been reported elsewhere. ~

A. Atom in a Crystal Field

We shall consider first an sp or pss atom in a
crystal field, ' in an applied static magnetic field.
Later we shall indicate how these results may be
generalized to treat molecular systems.

The wave-function basis consists of 12 compo-
nents. We choose quantization directions X, Y,
Z for the orbital p functions such that, in the static
lattice, the crystal field does not mix them, i. e. ,
we assume orthorhombic or higher symmetry. We
also neglect vibrational effects. It is assumed that
the crystal field may lift the spatial degeneracy of
these states, hence a further reduction (e.g. , to
a single 4x4) is not possible, in general.

The problem may be simplified somewhat, how-

ever, by a careful choice of basis, namely, linear
combinations of space and spin functions to form
singlets and triplets. Explicitly, this basis is as
follows: IPt P,(r), g,(r) be one-electron s- and

p-like functions, where i =x, y, or z. n (up) and

P (down) are spin functions. "
These space and spin functions are first cora-

bined into the following form:

yt = 2 ' "[0,( r|)4,( r&) —t1,( ri)tI, ( rz)],
y', = 2 '"[g,( r&)g, ( r&) + 0,( r~)4.( rz)l,

X|= 2 '"[~(l)~(2)+P(i)P(2)],

X = 2 '"[u(l)P(2)+ P(l)u(2)],

X&
= 2 '"[o.(i)o'(2) —P~i)P(2)],

X~ = 2 '"[o(l)P(2)- &(l)~(2)],

and the basis functions then are
3 1 3 1 3 1Xi = PxX1 ~ Y1 ——0'yX1 ~ Zi = ygX

X2=9xX2 Y2 +yX2 Z2=+ X2
3 1 3 1
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Xs=&,Xs ~ Ys=%2fXsa Zs=@rXs s
3 1 3 1 (2)

'X= m'. Xc Y=@yX4 ~ Z=&sX4 ~

In terms of these functions one can then con-
struct a complete Hamiltonian matrix. By choos-
ing them as singlets and triplets, the states are al-
ready diagonal with respect to exchange. Since the
crystal field acts only to split X, Y, Z, and not
to mix them, the matrix would also be diagonal in
crystal field. The matrix is not, however, di-
agonal with respect to magnetic interactions, in
particular, spin-orbit and Zeeman interactions.
Thus off-diagonal matrix elements must be cal-
culated.

The system Hamiltonian (as applied to the above
basis) is written as

2

3C= Q [p',/2m+ U(r, )+ C(r, )1, ~ s,

+ ps(1, +2s, ) ~ H]+ e/r, m . (3)

Here the second term U(r~) is a one-electro&
operator containing atomic, molecular, and crys-
tal-f ield interactions. The third term is the spin-
orbit interaction and the fourth term is the Zeeman
interaction. ps is the Bohr magneton e/2esc. The
first, second, and fifth terms are diagonal with
respect to our basis, while the third and fourth
terms are off diagonal. By systematically evalu-
ating the matrix elements of these operators with
respect to the basis, we obtain the 12 x12 Hamil-
tonian matrix shown in Table I.

The symbols appearing in Table I have the fol-
lowing meanings: A, B, C, D, E, E are diagonal
elements of the various singlet and triplet X, Y,
and Z states, as indicated. Crystal-field and
exchange effects are implicitly included in these
terms. 8„, H„, H, are the spatial components of
the applied magnetic field. G is a spin-orbit
parameter which is given by

G=+ 2(Rg(r)
~
C(r) ~Rg(r)), i 4j (4)

where the R&'s are radial parts of the one-electron
g, 's and the angular brackets represent integrals
over the x coordinate. The sign of G is positive
for (sP), negative for (P~s). In the case of atoms
the bracket of Eq. (4) is equal to the quantity C de-
fined by Condon and Shortley. 5 and 5' are pa-
rameters whose meaning will be discussed later;
for atoms each is equal to 1.

The Hamiltonian matrix (Table I) has been ar-
ranged so as to emphasize the nature of the zero-
field states and to indicate the nature of the mag-
netic field coupling. In the absence of a magnetic
field the matrix reduces to four (uncoupled) 3 x3's,
all of similar structure. As may be seen, three
of these involve two triplets and a singlet, while
the fourth involves only triplet states. Thus in
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the absence of magnetic fields and other perturba-
tions there will be three pure-triplet states, while
all the rest will involve admixtures of singlet and

triplet.
Given values of the various quantities included

in Table I, one may then diagonalize the matrix
and obtain the 12 eigenvalues and the 12 wave-func-
tion coefficients for each eigenvalue. In cases of
interest optical transitions involve a lower 'S
state, and so various transition parameters (di-
chroisms, lifetimes, etc. ) will depend on the ad-
mixture of 'X, 'Y, 'Z in the various excited states.

B. Molecular Systems

We now generalize the preceding to a diatomic
system whose axis is chosen to be z. A molecu-
lar analog of (sp) would, for example, be an ex-
cited hydrogen molecule or an excited M center,
while the molecular analog of (P's) is the STE.
Such systems possess two equivalent centers (if
the site has inversion symmetry), which means
that a wave function constructed from atomic or-
bitals will involve overlapping contributions from
both centers. More fundamentally, there will in
general be twice as many states as in the case of
one atom. These states may be classified as
odd (s) or even (g) under inversion through the
molecular center, and since the u and g states do
not interact with each other, one may treat each
class separately. Thus, in effect, one still has
a 12x12 problem to solve.

The structure of this molecular 12 x12 is es-
sentially the same as that discussed in Sec. II A,
with some differences in detail. The problem is
set up in the same general way, except that now
the functions g,(r) are not atomic p functions but
are molecular orbitals" of either axial (Z) or
transverse (X or Y} symmetry. These might, for
example, be constructed from atomic orbitals
centered on the atoms, but this detail is not im-
portant at present.

It is important, however, to recognize how the
matrix elements of K may be different from the
atomic case. In general there will be numerical
differences, e.g. , in diagonal elements, but in
addition there may be systematic differences. '
We expect in particular that matrix elements in-
volving the angular momentum operator will be
systematically changed and will depend upon
whether one is coupling X to Y, or Z to X or Y.
The reason for this is that the Z (Z-like) state will
differ considerably from X or Y (II-like) states.
For the STE the Z state will involve a cr„-type
hole molecular orbital (MO}, while the X and Y
states will involve m„-type hole MO's. If, for
example, one were to construct these MO's from
atomic orbitals, one would find different normali-
zation factors due to different overlaps in the o

and m cases. Consequently, although the angular
momentum operating on Z may generate a function
of symmetry X or Y, that function will not be iden-
tical to the X or Y basis and so will not have unit
matrix element with the basis. These comments
are also valid when applied to X vs Y, but since
these are both II states and therefore rather simi. -
lar in nature, we assume that the angular momen-
tum matrix elements involving them are as in the
atomic case.

We take account of this distinction in angular
momentum matrix elements by introducing angular
momentum multiplication factors 5 and O'. They
have been included in Table I but were chose~ equal
to 1 for atoms. Note that 6' occurs in spin-orbit
terms, and 5 in orbital Zeeman terms which couple
ZtoXor Y.

The Hamiltonian matrix has, then, been deter-
mined for the diatomic analog of a pss or sP sys-
tem. It contains nine distinct parameters, each
of which could be calculated as part of a detailed
theory of the system. We have not developed such
a theory, but will show that reasonable estimates
of all of these quantities are obtainable from other
types of experiments. In Sec. IIC we d~&cuss how
these parameters may be obtained for the STE in
alkali halides.

C. Determination of Hamiltonian Parameters for the STE

The ch'oice of one diagonal parameter merely
amounts to rigidly shifting the excited-state array
in energy, without changing the internal structure
of the 12 states. Consequently, the zero-order
'Z energy A is arbitrarily set equal to zero. The
other diagonal elements are 8('Z), C('X), D('X),
E( Y), and F('Y). For each of Z, X, Y, the trip-
let-singlet energy difference is an exchange ener-
gy. This ener~ has been estimated for the un-
relaxed exciton, "' but there is experimental evi-
dence" that in some cases the exchange parameter
for the STE is more than an order of magnitude
smaller than values reported for the unrelaxed ex-
citon in Ref. 13. The only systems considered in
detail here are ones for which some experimental
evidence exists regarding the STE exchange param-
eter.

Two more diagonal parameters remain: 'X and
'Y. The off-diagonal parameters G, 5, 5' must
also be obtained. The spin-orbit parameter G

may also be estimated from the optical-absorption
spectrum. " In most cases values so obtained vary
but slightly from those reported in Ref. 16.
X, and Y may be estimated from an analysis of

the electron-spin-resonance' properties of the

s center, a self-trapped hole in a 0„-like orbital.
The STE is created when a V~ traps an. electron
into a symmetric (= s-like) orbital, and there is
thus a direct correspondence between the energy
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TABLE II. Hamiltonian matrix for Yz. Parameters are defined in the text.

(Zo) (ZP)

(Za)~ A+ AH, ss(H, iH-, )

(ZP) ~ p& Qf„+gH„) A —p&Hg

j6p~y
@P)+ —O'G gbpsH„

(~e)* —i&pgH„

(FP)* —g5'G —g6p~„

c+ s&H, ss (F, iiiJ-

pa(H, +Qf„) C —paH,

jG+j/gag

-4 G+fp&H~

j6paH»

ii5'G

-gG -gp~,

E+ p&H»

ss(H, +i'm/

gPG

i 6pgH»

gG -g p~H,

pa (H„-cH„)

E-p&H,

levels and hole wave functions of the V~ and those
of the STE.

This relationship may be exhibited quite clearly
if one constructs a V~ energy matrix using the
same type of analysis as used in constructing Ta-
ble I. This will, only be a 6 x6, but the basis func-
tions will be products of spin functions and a- and
w-type hole MO's. Hamiltonian operators include
crystal field, spin-orbit, and Zeeman terms, and
consequently the V~ matrix consists of some of
the same types of elements as given in Table I.
Table II illustrates a Hamiltonian matrix for the
V~ center.

The triplet energies C and E and the orbital
multiplication factors 5 and 5' are determined by
using experimental values of the g factors g„, g„,
and g, for the V~ center. These are related. to the
level spectrum as follows: For H„=H„=0, the
splitting between the two lowest energy states will
vary approximately linearly with H„with a slope
of g,p~. A similar procedure yields g, and g„.
One may vary the parameters until satisfactory
agreement with experimental values is obtained. "

In fact, such analyses have been performed on
the V~ center using perturbation theory. Castner
and Klnzig's obtained the first data on V~ centers

and analyzed them along these lines. More re-
cently, Schoemaker'~ has obtained more precise
experimental values of the g factors for a number
of centers. His analysis includes numerical esti-
mates of the parameters 5 and 6', and since the
perturbation results vary only slightly from those
which we have obtained by exact diagonalization,
we simply use the values of 5, ii', C, E (and G)
with which Schoemaker fitted his data. It should
be noted that these values of C and E are consistent
with STE absorption data. '9 At this stage of the
analysis, all of the energy parameters may be
tentatively determined and are given in Table III
for a number of alkali halides. Only KI and CsI
are treated in detail in this paper.

D. Calcuhtion of Energies and %ave Functions

Since the STE Hamiltonian matrix is now de-
termined as a function of magnetic field, energy
levels and wave functions may be obtained. The
transition probability and polarization for a given
magnitude and direction of H, a given center orien-
tation, and a given direction of observation, will
depend upon the o'ccupancy of the levels and the
fraction of particular singlet wave function in
those levels.

TABLE III. Parameters for use in the STE calculation. Definitions are given in the text.
With the exception of all CsI parameters and of the exchange parameters (B), all values
were based upon Schoemaker, Ref. 16. The value of B for CsI was chosen to fit data;
other CsI values were inferred from KI values. The value of B for KI is from Petroff et al. ,
Ref. 14 and that in parenthesis for KBr is from Kabler eg Ng. , Ref. 15. Values of B for the
other substances are from the papers cited in Ref. 13, and should be taken with some caution
in application to the STE.

(eV)

NaC1
KC1
RbC1
NaBr
Kar
RbBr
KI
CsI

0. 048
0.053
0. 058
0.37
0.26(0. 0076)
0.16
0. 044
0. 035

2.452
2.360
2. 264
2. 162
2. 1865
2.132
2. 015
2. 1

2. 108
2.480
2.616
1.738
2. 1935
2.328
2.045
2. 1

0. 033
0.033
0.033
0.140
Q. 140
0.140
0.292
0.292

0.72
0. V3

0. 75
0.69
0.70
0.VO

0. VO

0. 70

1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
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The results, in detail, will depend upon the ori-
entation of the STE with respect to magnetic field
and observation direction. For CsI and CsBr ex-
periments were performed on crystals oriented in
both [001] and [ill]directions. In the former case,
the possible STE orientations include one parallel
and two perpendicular to the field, while in the

I
latter case all centers make an angle of cos ' s

with the field.
In the fcc alkali halides, experiments of the type

analyzed in this paper were performed on [001]
crystals. In this case, four center orientations
are equivalent to [101]and two to [110]with respect
to the field. Experimental constraints have re-
quired that the luminescence be observed along
the direction parallel to the field.

Assuming that all orientations are equally popu-
lated, the next part of the calculation for each
center is to include the H-field components with
respect to the coordinates within the center. After
the matrix is solved and wave functions are ob-
tained, one then projects the wave-function coeffi-
cients into the "laboratory" coordinates in which
R=Hg.

As an example, consider a center in the fcc
lattice aligned along [101]. We define quantization
axes within the center as x', y', z', with unit
vectors i + = 'g(1, 0, 1), i „.= (0, 1,0), f;=~(1,0, 1).
These primed axes correspond to the axes defined
in the energy matrix. This notation is consistent
with that of Ref. 18, but x' and y' are opposite to
those of Ref. 16. The magnetic field then has
components

fx
VaHa if~ y

(5)
Hg 2 Hjyyi f Qf ~

Diagonalization will yield coefficients of singlet
wave function in x', y', z' directions; call these
Cz, C„., Cz. The total radiative transition proba-
bility from a given state will be proportional to
the quantity CzC&+ C„*.C„.+ C~~C,. To compute
circular polarization of light emitted along the z
axis, one first projects these coefficients back into
the (xy) plane:

C„=J~ (C,.+C,.), C„=C„.;

one then forms C, +iC„, C,-iC„, and defines

I,~(C, +i C„)(C,*—i C, ),
I ~(C, iC„)(C, +i—C„) .

The circular polarization, if only this level and
this center emitted light, would equal (I.—I )/
(I,+I.).

For the center aligned along [110]a similar (but

simpler) analysis may be applied, and for the
cesium chloride lattice similar results are also
obtained. At this stage of the calculation one has

dn,
df =Bc„n, ,

&~i

where n, is the probability at time t that level i is
occupied. The rate constants C,&

are obtained
from the various mechanisms for populating and
depopulating levels. Nonradiative decays are
assumed to occur via one-phonon "direct" proces-
ses, in which an energy-conserving phonon is
either emitted or absorbed, and via no-phonon
tunneling processes. ' The latter are important
only when two levels are nearly degenerate. Re-
cent considerations' suggest that high-order hy-
perfine interactions may lead to mixing of nearly
degenerate levels. This mixing would change ra-
diative decay probabilities of such levels, and
would have much the same effect as the tunneling
processes considered here, namely, the depopu-
lation of long-lived states. It should be noted that
in our treatment Orbach processes22 are included
in the direct matrix elements through the coupled
rate equations.

As examples, expressions for three of the rate
constants are

1 1 1 1
11 12 13

~18 +12 ~13 +T

x e-AT (B2-B1& —e-AT(B3-B1)
TT

1 1
21 7

12+ T12 T

+ 1)+ e-Ar(sg-sg)1 1
12 T 12 T12 T

The other constants are similarly obtained. In
Eq. (9), rr and Ar are parameters related to the
nonradiative tunneling. 7,&

is related to the one-
phonon tunneling and is taken, for reasons dis-
cussed in Sec. IIIB, to be proportional to IE& —E, I2.
n, z is the Planck function

1
no e((Bj Bf)fa T- 1

' (10)

energy levels, and for each level of each center
one has a number representing each of I„I, and

I,. The last quantity represents light emitted with
dipole parallel to H; this light will not be detected
for an observation direction along H.

E. Rate Equations

As will be indicated in Sec. III, there is strong
evidence in a number of instances that the triplet
levels are not in thermal equilibrium. Consequent-
ly, one must solve three coupled rate equations
which involve both radiative and nonradiative decay
times. These equations may be written in the
form
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I.(f) —I (I)'" I,(i)+I (i)+I,(f)
and the intensity which will be observed is

I,(i)+I (i}'=~" I,(;},I(;),I.()

(12)

(12)

One then combines results for the different ori-
entations of centers in a crystal to predict ob-
served quantities; the fractional circular polariza-
tion is given by the sum of the P's [Eq. (12)]di-
vided by the sum of the S's [Eq. (13)].

F. Discussion of Theory

Before proceeding to detailed application of the
theory, it is instructive to discuss some aspects
of it. Many of the results to be presented may be
understood qualitatively by perturbation analyses
of the energy matrix, Table I. We consider first
the zero-field splittings of the three lowest triplet
levels, denoted as 'Z. Each of these mixes with
two higher levels, as indicated in the diagonal
blocks. The level denoted as Z2 mixes only with

other triplets; its energy will be given approxi-
mately by

-A G2g'2 1 1 2)GI
C —A Z-A (C-A)(Z —A)) '

(a4)
The other two levels will each have some singlet

character; the energies will be approximately

1 1 2)GI
"&C-A'A'-A (C A)(S-A))

(a6)
and

2I Gl
—A 8 —A (C -A)(E —A))

'

(16)
Analysis of these equations leads to several re-

~&~ is the radiative-decay probability from state i.
Solution of Eq. (8) is obtained by writing each

n, as the sum of three terms of the form
3

~gt (11)
fw1

Substitution of Eq. (11) into Eq. (8) leads to simul-
taneous linear equations which can be solved to
yield each D,~ and ~~. The measured decay times
correspond to the quantities m&'.

The amount of decay that is radiative, n,„, is
obtained for each level by integrating Eq. (8) over
time, including only those parts of C,&

correspond-
ing to radiative decay, i.e. , the quantities —I/r, „
in C«. The final steps, computing circular polari-
zations and intensities, involve the quantities n,„
and the intensities I,(i), I.(i), I,(f) introduced in
Sec. IID. Namely, for each center the circular
polarization P is

suits. The lowest state will be A„, since its ener-
gy denominators (C-A, E-A) are smaller than
those appearing in the B's. Transitions from this
level to the ground state will be forbidden in the
static lattice, since it contains no singlet charac-
ter.

The splitting between the other two levels derived
from 'Z2mill be smaller because the average energy
denominators are the same for both. The lower
state will be the one with the smallest energy de-
nominator; if C- A & E-A, the state derived from
Z, will be lower, while if C —A & E—A, that de-

rived from 3Z, will be lower. In thermal equilibri-
um the lower state will be preferentially populated,
hence the zero-field polarization of the lumines-
cence will tend to reflect the character of this
state, One feature of this is that if the zero-order
"X"states are lower than the "Y," the lumines-
cence will be "Y"polarized, and vice versa. This
is because the state which primarily determines
the energy is the triplet X or Y, while that which
determines the polarization is the singlet. Since
the 'X and 'Y occur in one block, and 'Y and 'X
in another, the level whose energy is primarily
determined by 3X will emit Y light, and vice versa.
These conclusions will not necessarily apply in
the absence of thermal equilibrium, however.

One finds explicitly that, in the perturbation
expression, the splitting between B2„and A„ is
given by

S'- S 2 I G I l
")) (E- A)(E —A) C —Agi

' (17)

where the crystal-field splitting is the zero-order
difference in energy between X and y' levels (and
is zero in the simple cubic cesium halides}. If
one relates this to the differences in g factors of
the V~ center, one finds

Es —Es (r(exchange) x(spin-orbit) x(g„-g,) .
(20)

Qualitative analysis of the effect of an applied
magnetic field is somewhat involved, but some
insight into admixtures with the A„state may be
obtained. In particular, although a magnetic field
along the center axis (i.e. , z'-direction) will not

mix any singlet into A„, a field with components
perpendicular to the axis mall. For example, H„.
will mix together 'X and 2Z2.

But E- E is just the exchange splitting, so one can
mrite, approximately,

Es —E&cc(exchange) x(spin orbit} . (18)
2Q

Similarly, one finds that the splitting between the
B„'s goes approximately as

Es —Es cc(exchange) x (spin orbit }

x (crystal-field splitting),
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Since none of the centers studied in early experi-
ments on the fcc alkali halides' were parallel to
5, the applied field will admix singlet into A„ for
all of the centers. Consequently, the A„ level
will play a significant role in the field dependence
of the luminescence. The cesium halides are of
particular interest because when the crystal is
oriented [001], one of the three centers will be
oriented parallel to H. In this case, the A„ level
will be unaffected by H and will not be a source of
luminescence. Because the initially degenerate
B levels are split apart by R, there exists the pos-
sibility that one will cross A„. Furthermore, po-
larization effects will be strictly determined by
the relative populations of the B levels.

0.55
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I
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III. CALCULATIONS

A. KI

Potassium iodide is a good system to consider,
because its variation of decay time with tempera-
ture has been thoroughly studied and decay param-
eters have been inferred. 3 Furthermore, its V~
parameters have been measured, ' providing fair-
ly good initial estimates of many of the parameters.

Fischbach et al.33 analyzed in detail the varia-
tions of intensities and lifetimes in the 3.3-eV
band as a function of temperature. The presence
of two distinct decay components suggested that
the system is not in thermal equilibrium at low
temperatures. They used two- level kinetics,
treating the two B„states as degenerate, with
equations similar to our Eqs. (8) and (9). Excel-
lent fits to the data were obtained, with the split-
ting between A and B states -0.69 meV.

In the present case we have applied the three-
level kinetics introduced in Sec. II. It seems
noteworthy that, using Schoemaker's parameters
(Table III) along with an exchange energym' of
0.044 eV, we obtain, upon solving the Hamiltonian

matrix, an A —B splitting of -0.68 meV. This
value of exchange energy is very close to that de-
duced in absorption by Petroff et al. ,

' and although
it may be fortuitous that the same value appears
appropriate for emission, the good value of A —B
splitting obtained from it is encouraging.

We find that in the three-level scheme good,
though not necessarily optimum, zero-field life-
times versus temperature values are obtained with

Tg@ infinite, 7'~~ and 7'» each equal to 1.07 p.sec,
and 7',3 equal to 0.94 p, sec. The tunneling terms
are omitted. It should be noted that above about
5 K we predict two "fast" lifetime components.
However, their lifetimes are within -0.1 @sec of
one another, and it is doubtful whether they can be
experimentally resolved. We also calculate the ex-
perimentally observed result, that the intensity of
the fast component decreases with increasing tem-

peraturee.

p.Ip ) ( ) ) i ) ) ( ( 2.0
O. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O

H/57 RG

FIG. 1. Reciprocal lifetimes v vs applied magnetic
field H for the 3.3-eV luminescence in KI at 4. 7'K. The-
oretical results are shown as solid lines.

With the above parameters, we then computed
lifetimes, polarizations, and relative intensities
for several combinations of magnetic field and
temperature. Results a,re shown in Figs. 1-3.

Figure 1 illustrates the theoretical and experi-
mental variation of 1.ifetimes versus H, at 4.7 K.
Only theoretical results for the [101]centers are
given; there are also three lifetime components
for the [110]centers, but for large H we predict
that the intensity from these centers will be weak,
and it has not been identified experimentally. The
lower of the two "short" components shown theore-
tically has not been observed either. Agreement
for the components shown is satisfactory. The
variation of the upper short lifetime with H is rath-
er sensitive to the nonradiative coupling between
the B,„and B,„states; we have assumed them to be
coupled by the same one-phonon mechanism which
couples the A„ to the B„states.

Figurc 2 indicates the variation of circular po-
larization with T, at H= 57 kG. In both Figs. 2
and 3, both theoretical and experimental polariza-
tions are normalized to one at maximum values of
the variables. Also shown is the predicted lumines-
cence intensity versus T Agreemen. t with ex-
periment is fair.

Figure 3 shows computed circular polarizations
and luminescence intensities as functions of H, for
T = 4.7 'K. Also shown are some experimental
polarizations and intensities. Agreement is quite
good. Taken all together, comparison of our KI
results with experiment is quite good and suggests
not only that the luminescence occurs from non-
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FIG. 2. Fractional circular polarization P and lumi-
nescence intensity I vs reciprocal temperature for the
3.3-eV luminescence in KI with an applied magnetic field
of 57 kG. Theoretical results are shown as solid lines.

FIG. 3. Fractional circular polarization P and lumi-
nescence intensity I vs applied magnetic field H for the
3.3-eV luminescence in KI at 4. 7'K. Theoretical results
are shown as solid lines.

equilibrium triplets, but that estimates of the exci-
ton parameters are probably rather reliable.

B. Csl

It is reasonable to consider the 3.65-eV STE
emission in CsI to correspond to the 3.3-eV emis-
sion in IG. The temperature dependence of the
lifetime of the 3.65-eV emission has been mea-
sured and analyzed by Lamatsch et al.~ They
fitted their data by a two-level model in which both
levels were in thermal equilibrium at all tempera-
tures. The two levels were separated by -2 meV,
and the lower level had a long (but finite) radiative
lifetime.

It has been suggested~3 that their data agree
equally well with the simple nonequilibrium model
used previously to describe the KI lifetime data in
the absence of an applied field. This approach has
further advantages, one of which is the capability
of explaining a weak fast decay component (life-
time & 1 p,sec) which was observed but which was
not accounted for the equilibrium model. Inde-
pendent of this choice, the -2-meV activation en-
ergy is most simply interpreted as the E„-A,„
zero-field splitting, corresponding to the B3„-A„
and 8,„-A„splittings for KI. However, as will
be seen, this magnitude is so large as to be evi-
dently inconsistent with the compelling evidence
of level crossing at - 45 kG.

Measurements of radiative lifetimes and circu-
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FIG. 4. Lifetime vs applied magnetic fieM H for the
3.65-eV luminescence in CsI at $.7'K. Crystal orienta-
tion [OQ1j.

lar polarizations under an applied magnetic field
have led to striking results for CsI crystals with a
[001]axis parallel to the field. ~ Figure 4 shows the
lifetimes versus field at 4.'7 'K for the long-lived
component, which separates into two in this orien-
tation. Figure 5 shows circular polarization ver-
sus H at 4.6 'K. Theoretical results, to be dis-
cussed later, are also shown. It is noteworthy
that both polarization and one lifetime component
have extrema at -45 kG, that polarization versus
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FIG. 5. Fractional circular polarization vs applied
magnetic field H for the 3.65-eV luminescence in CsI.
Results are given for both t001] and 5.11]crystal orienta-
tions. Theoretical results are shown as solid lines.

H increases very slowly for small H, and that the
second component of the lifetime falls monotonical-
ly with increasing H.

As mentioned in Sec. II, a [001] CsI crystal will
have one of three centers aligned parallel to H,
and two aligned perpendicular to H. In the former
case the lowest triplet level is unaffected by H,
while the upper two (initially degenerate) are split
apart. Thus there is the possibility of level
crossing. It is suggestive to attribute the fea-
tures at 45 kG to level crossing; our calculations
(or simple perturbation theory) then indicate, how-

ever, that the zero-field splitting is only -0.5
meV if g= 2, considerably smaller than the 2
meV deduced from zero-field temperature-depen-
dent lifetime measurements.

The small variation of polarization with H for
small H suggests that the populations of the upper
two triplet levels are approximately independent
of H, for small H and at 4.5 K. The one-phonon
radiationless transition probability introduced in
Sec. IIE has a maximum value at 4.5 'K for an
energy of -0.65 meV. If the upper two levels were
not coupled to each other, radiationless transitions
from the lowest state to the upper states might be
expected to govern the polarization, and one would
expect polarization versus H to be weakly varying
if the zero-field splitting were -0.65 meV. This
is fairly close to -0.5 meV, but it should be noted

that were the commonly quoted radi@tionless transi-
tion probability (which varies as I E~- E,P, rather
than IE& —E, 1 ) used, the maximum would be at
-1.2 meV.

Thus at the outset one is faced with several
choices for the zero-field splitting. For reasons
to be discussed later, we assumed that -0.5 meV
is the proper value and applied the techniques of
Sec. II to compute experimental quantities. V»
data are not available for CsI, but estimates of
parameters may be made from the KI results.
Furthermore, we are unable to use the zero-field
lifetime data as a guide to the various 7's. Thus
the values which we have chosen as best fits to H-
field data are not subject to the same independent
evaluation as in KI.

In order that the lifetime shorten rapidly as the
levels cross, another relaxation mechanism must
be involved. When levels are close to each other
the one-phonon transition probability becomes very
small, and the Orbach process using the third level
is not sufficient to account for the singular behavior.
However, a no-phonon tunneling between levels is
possible, as given in Eq. (9), and we have fit the
parameters ~~ and A~ to the lifetime variation
around 45 kG. We assume that the same mech-
anism and the same values govern transitions be-
tween the upper two levels near H =0, although
this does not have a large effect on the results.
As mentioned earlier, the depopulation of the meta-
stable level near the crossing may also be a ra-
diative process arising from high-order hyperfine
interactions.

The results presented here were obtained with
the values of parameters given in Table III. These
parameters lead to a zero-field splitting between
the lowest and the upper two triplets of 0.52 meV.
The other parameter values are 7,„infinite, Tp@
= 7'»=0.7 p, sec, 7'»=23.6 p, sec, 7'~=7 p.sec, A~
= 18350. eV '. For all centers the initial popula-
tions of all three states are chosen equal. Both
theoretical and experimental polarizations are
normalized to 1 at appropriate values of H.

Figures 5 and 6 show experimental and theoret-
ical polarizations and lifetimes versus H for the
[111]crystal. Agreement is quite good in the case
of the lifetimes, not as good in the case of the po-
larizations.

Although a fairly good fit to experimental data
for both crystal orientations has been made, the
many parameters used raises the question of how
significant the fit is. This is especially important
in view of the question of zero-field splittings, as
mentioned. We attempted to fit the data with zero-
field splittings of various values and were general-
ly unsuccessful. With a zero-field splitting of
-2 meV nod a large g value, it was possible to re-
duce the lifetimes from -32 p. sec at zero field to
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tion $11].

-6 p,sec at -45 ko. However, the variation with

field was much too smooth as compared with the
rather abrupt variation observed experimentally.
Furthermore, it is difficult to obtain good agree-
ment with the polarization data. We are forced to
conclude that the temperature dependence measured
by Laznatsch et al.~ arises from another mech-
anism such as the Raman effect or phonon-assisted
transitions.

With a zero-field splitting of - 1.2 meV and radi-
ationless transition probabilities varying as the
cube of energy differences, it was possible to ob-
tain fairly good variation of polarization with field.
However, the variation of lifetime with field could
not be easily reproduced; unless the g value were
-2.5 times the value computed, there would be no

level crossing and no "resonant" behavior.
Thus, over all, the zero-field splitting of -0.5

meV seems most likely. With such a splitting a
level-crossing resonance occurs for the [001]cen-
ter, and by including tunneling one can obtain very
good agreement with lifetime data. Polarization
data are more difficult to fit, however. If the
states have equal initial populations, polarization
is largely determined by the differential radiation-
less transition rates from the lowest state to the
upper two. With a zero-field splitting as small as
0.52 meV and a radiationless transition probability
varying as the cube of energy differences, popula-
tion of the highest state is favored and the polari-
zation is large and negative for small and moderate

H, eventually becoming positive. This is not in
agreement with experiment. But fairly good re-
sults are obtained from an E variation, as indi-
cated. Investigation of the theory indicates that
an E variation comes from the Debye density of
phonon states, and an additional factor of E comes
from the one-phonon transition matrix. However,
this result is valid only for long-wavelength unper-
turbed phonons ~ The present situation involves
perturbed "local" phonons with vibrational ampli-
tudes which vary rapidly with distance around the
center. Hence there is no clear theoretical guide
as to the variation of transition probability with

energy, so we chose one which seems to give fairly
good results.

Several other experimental features which are con-
sistent with the theory should be pointed out. First,
both experimentally and theoretically the smoothly
varying lifetime component falls off more rapidly
with H for the [001]crystal thanfor the [111]crystal.
Second, the polarizationcurve for the [111]crystal
tends to lie above thatof the [001]crystal. This oc-
curs becausethe lowest level of the STE in the [111]
crystal acquires some singlet character in the exter-
nal field, and the polarization associated with this is
added to the nearly cancelling contributions from
the upper two levels. For the [001] center in the
[001]crystal only the upper two levels participate.

Despite some questions of detail, it appears that
the triplet model of the STE, with nonequilibrium
distributions, describes well the 3.65-eV lumines-
cence of CsI.

IV. CONCLUSIONS

The model developed in this paper has been ap-
plied with reasonable success to describe the trip-
let self-trapped exciton luminescence in KI and

CsI. It is expected that other alkali-hali. de exci-
tons can be treated in a similar fashion. In addi-
tion, the theory can be applied to Jahn- Teller dis-
torted (sP) systems4'~ and to the triplet states of
the M center, with some modifications, provided
that accurate estimates of the parameters can be
made.
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