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The application of polaron theory to the Stokes shift observed in the luminescence of alkali halides
predicts an activation energy of diffusion of Vy  centers that is in excellent agreement with the
experimental results. This is to be largely expected and implies that in most alkali halides there is a
very small overlap of the polarizations associated with the electron and with the hole.

In color-center physics Fowler and Dexter! em-
phasized that the state reached as a result of optical
absorption is not necessarily the same as the ini-
tial state for optical emission plus a relatively
large number of phonons; in general the lattice re-
laxation changes the potential experienced by the
electron so that a completely new problem must be
solved. The same point of view is expected to apply
to exciton absorption, 2 particularly when the elec-
tron phonon coupling is strong, so that the result-
ing Stokes shift is important. In this case the state
reached in optical absorption may be expected to
be a free exciton, while the initial state for optical
emission is a self-trapped exciton (STE). A dif-
ficulty (common to color centers) of this assump-
tion is that a free-exciton state would not be an
eigenstate of the crystal in which the lattice polar-
izationis consistent with the electronic distribution.

In direct-gap materials like the alkali halides it
is difficult to experimentally distinguish, on the
basis of optical-absorption data, between an ex-
cited state of the STE and a free exciton: Both will
give rise to an absorption that resembles a broad-
ened &6 function.

In a given crystal, if the polarization asso-
ciated with the electron does not overlap that
associated with the hole, we may expect that the
relaxed exciton will have a binding energy that is
equal to the energy of a free exciton plus the ener-
gies associated with the polarization of both the
electron and the hole. The total polarization energy
is half the observed Stokes shift between absorp-
tion and emission. The interpretation of cyclotron-
resonance results in the light of polaron theory
permits the determination of the polarization energy
associated with the electron. This result and the
Stokes shift observed between absorption and emis-
sion of intrinsic excitons permit the calculation
of the self-energy of the hole. As will be seen in
this paper, this self-energy is related to the acti-
vation energy of diffusion. The calculated energy
of diffusion is in excellent agreement with experi-
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mental results obtained in a variety of alkali hal-
ides.

The STE in alkali halides can be described as
a V center on which an electron is trapped.® In
this model the orbit of the electron around the
self-trapped hole has the o, (or I'}) symmetry of
the group appropriate to the self-trapped hole,

D,, in the case of crystals of the NaCl structure.
Although such a description is not used to calcu-
late* the energy levels of the STE, it is an in-
structive model for its qualitative description. It
is also helpful in determining some relations be-
tween energy levels of the relaxed and free exciton
states.

Spin-resonance measurements®~7 of STE in a
triplet state indicate that the overlap of the elec-
tron and hole charge distribution is small. Al-
though there are no corresponding measurements
for the singlet STE state, we shall assume that the
same conclusion can be applied to this case. A
justification for this assumption will be found in
the agreement between the calculated and the ex-
perimental results.

Pekar® has shown that in the adiabatic approxi-
mation the energy necessary to optically release a
strongly coupled polaron from its polarization well
is equal to three times the energy A that would be
measured if the same result were obtained by ther-
mal excitation. Lemmens and Devreese® have
reached the same conclusion without the limitations
imposed by the adiabatic approximation, provided
that the electron-phonon interaction does not de-

~ pend on the mass of the carrier.

Labeling E, the energy of the ground state of the
perfect crystal, E; the energy of the free-exciton
state reached by optical absorption, E, the initial
state from which optical emission takes place, and
E, the state reached in the emission process, the
Stokes shift is

(Ey = Ey) = (Ey = E3) = h(Vapg = Vorn) - Q)

The quantity E; — E, is, however, the energy one
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should provide optically in order to excite a STE
outside its polarization well; E; — E, is the energy
we should provide optically in order to localize
the recombined exciton (i.e., to create the polar-
ization characteristic of the STE). According to
Pekar’s theorem, %° (E, — E,) = 3A,,. We shall as-
sume without further justification that E; - E,
=E; - E,, so that we would expect 64,="(V 55— Vem)-
Fowler et al.* stressed the fact that the molecu-
lar-orbital basis function that describes a singlet
STE is symmetric in the interchange of the spatial
coordinates of the electron and the hole and anti-
symmetric in their spin coordinates. The reverse
is the case for the triplet STE. As a consequence,
the polarization energies associated with the sin-
glet and the triplet STE states are completely dif-
ferent. Support for this conclusion is the observa-
tion that the energy difference between the singlet
and triplet STE states calculated on the basis of
EPR data® (i.e., when the polarization around the
STE corresponds to the triplet) is ~300 times
larger than the difference of the energies of the
recombination of the singlet and triplet states.

The Stokes shift to be calculated from polaron
theory measures the polarization associated with
lattice relaxation without a corresponding change
of the symmetry of the spatial charge distribution.
It is therefore appropriate to consider the Stokes
shift associated with singlet excitons because a
free singlet exciton is created in optical absorption.
Unfortunately, in many alkali halides the o-polar-
ized luminescence assigned to the recombination
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of a singlet STE is absent®!%!!; we must therefore
estimate the position of the unobserved singlet
level on the basis of the observed luminescence
assigned to the triplet.

As seen above the difference of energy between
the luminescence assigned to the singlet and trip-
let STE recombination is primarily due to the
different lattice polarizations. As in the case of
the V, centers, !? these energy levels are expected
to depend primarily on the two negative ions that
are pulled towards each other when either a V or
a STE is formed. Support for this conclusion is
obtained on the one hand from the measured trip-
let STE hyperfine interaction, which is in ex-
cellent agreement with what would be expected
from V centers, > and on the other from the near-
independence of the spin Hamiltonian of the V,
center of the properties of the host lattice, as
opposed to its strong dependence on the properties
of the two nearest-neighbor halogen ions.'? A
final supporting argument is given by the data in
Table I, where it is seen that the energy difference
between singlet and triplet STE (E, - E,) is indepen-
dent of the halogen ions in the few cases when all
the fluorescence emission spectra have been ob-

- served (KBr, RbBr, KI, RbI). The energy of the

largest photon arising from recombination of the
triplet STE must be taken in the case when more
than one 7-polarized emission is observed.

We shall estimate the recombination energy
(E,) 4 of an unobserved singlet STE in a crystal A
in which the recombination energy of a triplet STE

TABLE 1. Relation between the measured and calculated activation energies of diffusion
(4) of the Vi center in alkali halides. For the remaining symbols see text.

8
Crystal E; (eV)  E; (eV) Eg (€V) +(Ege—Ey €V)  Acage (€V) Ay (€V)
KBr 4,422 2.27* 6.772 0.39 0.021° 0.41 0.45°
RbBr 4.20% 2.10? 6.60% 0.40 (0.020)® 0.42 <0.53°
CsBr (5.69) 3.494 6.80° (0.18) (0.018)® (0. 20) 0.17%d
NaBr (6.70) 4,60f 6.682 (0) 0.026 (0. 026) <0.36°
*&
KI 4150  3.34*  5.802 0.275 0. 015 0.29 {g'zzc
; 3.15f { 0.28%"
£ a b
RbI 3.95 {2.303 5.70 0.29 0.014 0.30 0.31°
3.65! 2 b N
Csl (5.08) e 5.81 0.12) 0.014 (0.13) 0.16
«h
Nal (5.0) 4.20"* 5,562 (0.09) (0.02)® (0.11) {g’ ;20
NaCl 5.6% 3.49! 7.96% 0.39 (0.033)® 0.42 0.42°
KC1 . (4.43) 2.32?2 7.76% (0. 55) 0.03 (0.58) 0. 54!
RbC1 (4.49) 2,272 7. 512 (0.50) 0.009 (0.51) 0.59¢

2Reference 11,

PReference 17.

°Reference 8.

dReference 16.

°J. H. Shulman and W. D. Compton, Color
Centers in Solids (Pergamon, New York,
1963).

fReference 10.

8Reference 13.

"Reference 14.

{H. Lamatsch, J. Rossel, and E.
Saurer, Phys. Status Solidi B
48, 311 (1971).

IReference 15.



11 RELATION BETWEEN THE STOKES SHIFT OF EXCITONS IN...

(E;) 4 has been measured by writing

(Es)A=(Et)A+(Es"'Et)B ’ (2)
where (E, - E,) is the difference of energy be-
tween the photons emitted in the recombination of
a singlet and triplet exciton in a crystal B where
both have been observed. The halogen in crystal
A is the same as in crystal B.

The numbers in parentheses in the column la-
beled E; in Table I have been obtained by the use
of Eq. (2) applied to the largest triplet STE re-
combination peak,

The activation energy for diffusion V, centers
has not been measured directly in most alkali
halides. In the case of KI, * RbI, * KCl, ** NaI, !*
and CsBr, *6 this activation energy has been ob-
tained from the temperature dependence of the
time necessary to randomize an initially oriented
population of V, centers. The corresponding val-
ues are accompanied by an asterisk in the column
labeled A of Table I. The remaining values of A
are obtained by observing the temperature at which
the Vj centers begin to reorient, assuming that the
preexponential factor in the diffusion constant is
the same for all alkali halides.!? A simple pro-
portionality between the measured temperature of
reorientation and the activation energy for KCl1 has
been assumed.

The column labeled 3 a@#w gives one-third of the
self-energy of the electron in the different crystals
calculated on the basis of Frohlich’s Hamiltonian to
first order in the polaron coupling constant «. The

band (undressed) electron effective mass is unknown

in the case of crystals for which the electron self-
energy is in parentheses. In all alkali-halide crys-
tals where cyclotron resonance was carried out

the electron band mass is near 0.4m,. The same
value has been assumed in the case of the unknown
masses; this determines a7w.

The calculated energy of diffusion of the V, cen-
ters is equal to one-sixth of the Stokes shift of the
singlet exciton plus § @/w. The results shown in
the last two columns of Table I indicate an embar-
rassingly good agreement between experiment and
this simple-minded calculation. Notable exceptions
are Nal, possibly NaBr, and CsI. The first two
also have an anomalously low binding energy of the
triplet STE.'®

In order to explore qualitatively the possible rea-
sons for this apparent agreementit appears fruitful
to study the relation between the molecular orbital
description of the STE and the corresponding
Wannier exciton model.'® The symmetry of both
representations must be the same, although one
may be much more precise than the other for the
purpose of calculation of the actual energy levels.

Both the singlet and triplet STE are described
by a wave function®* whose axis points along (110),
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in the case of crystals with the NaCl structure,
and along (100) in cases of crystals with the CsCl
structure. Corresponding to a given axis there
are four different spin states. In a crystal with
the NaCl structure there are six equivalent (110)
directions and therefore 24 exciton states (six
singlets and 18 triplets). The corresponding num-
ber in the case of the CsCl structure is 12,

The unrelaxed exciton in alkali halides has a
hole in a triply degenerate valence band (T';) (in
the absence of spin), and an electron in a non-
degenerate band I'j. The wave function describing
the relative motion has I'; symmetry. After in-
clusion of the four spin states corresponding to
each orbital state the total number of levels is
equal to 12 times the multiplicity of the wave func-
tion describing the relative motion of the electron
and the hole. Upon lattice relaxation this exciton
must give rise to all the equivalent singlet and
triplet states of the STE,

From the above considerations it is clear that
in the case of the NaCl structure I'; must be doubly
degenerate. The only possible even representations?®
of 0, are I'; (in the case of NaCl structure) and
T'{ (in the case of the CsCl structure), i.e., re-
spectively, d- and s-like. Upon lattice relaxation
the symmetry of the STE is either D,, (NaCl struc-
ture) or D,, (CsCl structure) and both I'} and I'{ of
0, reduce, respectively, to I'f of D,, and I'{ of D,,,
in accordance with the model initially proposed by
Kabler.?

The conclusions that the STE states arise from
a d-like unrelaxed state (i.e., »=> 3 for a hydro-
genic model) in the case of crystals with the NaCl
structure does not imply that the lowest exciton
peaks observed in optical absorption must also be
assigned to d-like excitons.

The conclusion that the STE states might be
traced to an unrelaxed exciton in a state with
n>1 is not new. Wood?' made a model calculation
of the lattice relaxation of an exciton. A signifi-
cant result of that study is that the curve that de-
scribes the variation of »>1 free-exciton states
as a function of ionic motion extrapolates to near
the minimum energy expected for a STE; the curve
that describes the variation of the =1 free-exciton
state extrapolates instead to a much higher energy.
Spin was neglected in Wood’s calculation. We can
expect, therefore, that the wave function that de-
scribes the electron density around the self-trapped
hole is doughnut-like with a minimum charge den-
sity at the position of the hole. We believe that
this feature is the primary reason for the excellent
agreement displayed for the different estimates of
the depth of the polarization well given in Table I
for most crystals with the NaCl structure.

The poor agreement observed in Table I in the
case of Nal would then indicate a less concentrated
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Vg center and a much larger overlap of the
electron and hole polarization. Another possible
indication of an anomalous behavior might be dis-
cerned in the deviation of the g tensor and hyper-
fine interaction (Az) of V centers in Nal from those
of other iodides.!? Similar explanations appear
appropriate for NaBr.

In the case of both CsI and CsBr we might ex-
pect that the activation energy of diffusion of V
centers will be larger than what is calculated from
the Stokes shifts because, on account of the s-like
charge distribution of the electron, the polariza-
tions created by the electronand the hole will over-
lap appreciably. Contrary to our expectations, the
energy of diffusion of Vj centers calculated from
the Stokes shift of the exciton in CsBr does not
disagree with the measured result. We must
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therefore conclude that the overlap of the polariza-
tions of the electron and the hole remains small;
this is only compatible with an extended electron
wave function and a small binding energy of the
singlet STE. This might be a reason why o-polar-
ized emission of STE has not been observed in the
Cs salts.

In conclusion, we have shown that the polariza-
tion energy that can be calculated from the Stokes
shift of the exciton compares favorably with the
activation energy of diffusion of V, centers. This
agreement implies that the orbit of the elec-
tron that is bound to the hole corresponds to
a doughnut-like charge density in the case of
crystals with the NaCl structure and a more
extended orbit in the case of the salts with the
CsCl structure.

*Supported in part by the National Science Foundation
under Grants No. GH 41524 and GH 33574 A3 (MRL).
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