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It is shown that an excited sensitizer can transfer its energy simultaneously to two activators, under
suitable conditions, leading to two emitted photons per incident higher energy photon. The probability
of this transfer process is computed, and the process is shown to be experimentally feasible.

HE study of luminescence in inorganic crystals

has been largely concerned with luminescent
impurity “centers.” From the experimental point of
view this is a result of two factors: one, that most
“pure” inorganic crystals do not luminesce with
appreciable efficiency at room temperatures, and two,
that the variety of systems obtainable clearly is greatly
increased when impurities are added. From the theorist’s
point of view, the localized ‘“center” is easier to deal
with, and may in some cases be considered as an
almost isolated atom, perturbed by the host crystal in
which it resides.

In the simplest case, excitation of the luminescence
does not require the motion of charge through the
crystal, the electrons involved in the radiative transi-
tions existing only in bound, localized states. In the
following we shall restrict ourselves to examples of
this type, with the further restriction that the excitation
of the luminescence be by visible or near-visible light.
That is, we shall be concerned with photoluminescence
in the absence of photoconductivity.

In this conceptually simple problem, the impurity
center is raised to one of perhaps several discrete,
excited, bound states by excitation with light in a
definite energy range corresponding to an absorption
band associated with the impurity. From one of these
excited states the center returns to its ground state
with the emission of a photon, generally less energetic
than the exciting light. This degradation of the exci-
tation energy is referred to as the Stokes’ shift, the
energy difference of course appearing as heat. Such a
luminescing center is called an activator.

It sometimes happens that an activator with de-
sirable luminescent properties has no excitation, i.e.,
absorption band in an energy region for which a
convenient light source is available. This may happen
for example if the activator has only forbidden transi-
tions in the energy range available, so that the absorp-
tion bands, though present, are extremely weak, or it
may happen that the particular light source, e.g., a
mercury lamp, has very little intensity at wavelengths
as long as the activator’s principal absorption bands.
In such cases it is sometimes possible to excite the
activator by the incorporation in the host crystal of an
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additional impurity, called the sensitizer, which is able
to absorb the light from the source and transfer its
excitation energy to the activator. The resulting lumi-
nescence from the activator is called sensitized lumi-
nescence. A previous paper! contains a discussion of
this phenomenon and references to other work.

The total process clearly involves three steps:
absorption of light at the sensitizer, transfer of the
energy to the activator, and emission at the activator.
If the probability of transfer is low, the sensitizer may
itself luminesce, so that in general one would expect
two emission bands upon excitation of the sensitizer,
the one from the sensitizer having undergone a Stokes’
shift, and the one associated with the activator at still
lower energy because of lattice relaxation on both
centers.

It is not essential that the sensitizer be an impurity,
if the host crystal itself can absorb light from the source
and transfer the energy to the activator. Thus, we may
expect host-sensitized and impurity-sensitized lumi-
nescence in different systems.

As we have seen, there are certain advantages specific
to sensitized luminescence: First, we are enabled to use
certain activators (such as Mn) which may not be
excitable by light directly. Second, the double Stokes’
shift may enable us to use a particularly convenient
ultraviolet source (such as a mercury lamp) and yet
obtain visible luminescence, a shift in energy unlikely
to be obtained with a single Stokes’ shift. In the present
note we point out the possibility of a third decided
advantage, namely, the possibility of obtaining quan-
tum yields greater than unity through a ‘“photon-
splitting” process.

Getting two visible photons out per ultraviolet
photon in is energetically possible, of course, and can
potentially be achieved by a trivial process on a single
activator. All that would be required is that the acti-
vator have three energy levels, such that the separation
between adjacent levels corresponds to visible light,
and that radiative transition probabilities be sizable
between adjacent levels and between the ground and
second excited levels. The writer is not aware of any
examples of this “cascade’ process among the common
luminophors.

We envisage the process as follows. A sensitizer
absorbs a uv photon of energy Ei, the surrounding
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lattice relaxes so that the sensitizer could emit a photon
of energy ~E;<E,, this energy is transferred before
emission to fwo activators, each activator accepting
~E,/2, the lattice around each activator relaxes, and
finally each activator emits a photon of energy ~Ej;
< E,/2. In the succeeding paragraphs we shall discuss
the probability for the occurrence of this energy
transfer.

We take as the normalized wave function for the
initial state of the system, before energy transfer has
occurred, the antisymmetrized product

¥r=(6)"1-*(2,3) ]
XL p(=DPPYs' (DY2(29s(3). (1)

The subscript S refers to the sensitizer, and 2 and 3
refer .to the two activators. For convenience, let us
define as atom 2 the activator closest to the sensitizer.
The prime in ¥ 5’(1) indicates an excited state, and the
arguments 1, 2, 3 are abbreviations for the coordinates
of electron 1, 2, 3. 9(2,3) is the overlap integral between
the normalized atomic wave functions ¥»(r) and y3(7).
We have omitted all terms such as ©2(S’,2), since it
will be explicitly assumed that the sensitizer’s wave
function does not overlap the activators’ wave func-
tions. (If the sensitizer is very close to one or both of
the activators we assume that ¥s and ¥s’ have been
orthogonalized to ¥s, Y2, ¥3, ¥3'.) Similarly we take as
the wave function of the system after transfer has
occurred the antisymmetrized product

Yr=(6)"1—0(2",3) ]
XL p (=DPPYs(’ 205 (3), (2)

where 0(2',3’) is the overlap integral between ¥y’ ()
and ¢3'(r). Terms such as 02(S,2’) have again been
omitted. It is clear that ¥; and ¥r are orthogonal if
¥i(r) and ¢,/ () are orthogonal, with our further stipu-
lation of the orthogonality of Y5 and ¢’ to ¥, ¥o/, ¥s,
¥3'. Overlap integrals between ¢, and ¢; or ¢35’ are not
assumed to be zero, and in fact will be responsible for
the energy transfer.

We take into account the fact that the levels are not
infinitely sharp, but are broadened by lattice vibrations,
by our method of normalization. We normalize ¥ ¢’, ¥2,
Y3 in the usual way,

Jweisae=[uaprar= [Walar=1, @

introducing probability functions ps'(ws’) and pa(e)
for the probabilities that instantaneously the excited
sensitizer has energy ws’ and the two activators together
have energy e. These functions are normalized such that

[ o5 @sraws'= [paoie=1. (4)
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The functions in the final state wave function, Eq.
(2), are normalized on an energy scale, such that

fw-l-ldw,gf !‘I’S(T’,‘ws) lzd,r_____ 1,
fE def |2 (ro)s’ (735) |2dT23=1.

We now compute the matrix element of the pertur-
bation Hamiltonian H between ¥; and ¥, where

2 e2 2

ZEES 3D RIS 5 SEMMNES 35 3N )

i Kry; i J KPig I J kriy

and « is the (high frequency) dielectric constant. The
lower case indices refer to electronic, the upper case
indices to nuclear coordinates, and the prime on the
summation symbol excludes the equality of the two
summation indices. Equation (6) is merely the sum of
the Coulomb interactions among the electrons and
nuclei involved. We shall explicitly assume from now
on that only one electron on each of the three atoms is
involved in the transitions, though more general cases
can easily be treated by the same methods. We shall
further assume for simplicity that the ground state of
each atom is an S state.

The perturbation matrix element of Eq. (6) using
Eqgs. (1) and (2) is given by

—e*0(2,3")

(Hrr)=
kRs?[1—0%(2,3) J{[1— 02(2',3") ]}

Xus: { va—3Rs2(v2: Rigz) /Rso?

Rsa\?
+(—) [v1—3Rss(va-Re)/Rei?] |, ()
Rss
where ug is the usual type of dipole matrix element,

5= f v Orps(dr, ®)

and v, and v3 are two-center dipole matrix elements,
w= [ @i, v [ @i ©)

Rg2 and Rg; are the vectors connecting the sensitizer
nucleus with the two activator nuclei. Because of the
normalization procedure (Hrpy is a dimensionless
quantity, not an energy. There may be several degener-
ate states ¥/, ¥3' which can contribute to the energy
transfer, and it will be necessary eventually to sum
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over all states. In this case 0(2,3") and v, and v; will
depend on the particular state involved; we suppress
explicit indication of this dependence for brevity. A
different symbol 0(2,3’) is used for the overlap inte-
grals, as compared with Egs. (1) and (2), because the
O’s are computed with wave functions normalized in
the usual way, whereas we use functions normalized
according to Egs. (3) and (5) in calculating 0(2,3").
(Hrr) is a function of wg’, ¢, wg and €, subject to the
condition that energy be conserved during the energy
transfer, and the transfer probability is given by
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2 ; ;de'fdwsfdGPA(e)fd'ws'Ps'(ws')

hgs,[l - 02(2)3)]%[1— 02(2,73,)]%
X |[(Hrr(ws',e; ws,€)) | %[ (ws'—ws)— (¢ —e)]. (10)

We have divided by the factor gg/, the degeneracy of
the excited sensitizer state, since we subsequently sum
over all of these states. We square (Hrr), average over
all orientations of ug, vs, and v; with respect to Rge
and Rgs, and insert in Eq. (10), obtaining

Psa=

47re4G(ng,ng)Z ZdefyS2(w,s/, 'w,s'~E)ﬁs,(wS')de’
I F

Pga=

3k2Rs8hgs [1— 02(2,3) L1 — 02(2,3" ]t

where G is a quantity of the order of or slightly larger
than unity depending on the orientations Rgs, Rgs.
In the last integral the product v;%0%(2,3) is a function
of e and e+E, where we have integrated over wg by
means of the Dirac delta function and have substituted
E fOI‘ el*—€=ws’—“wS.

The second integral in Eq. (11) can be related to the
spontaneous emission probability 1/7s of the sensitizer,
as in reference 1, and the last integral is equal to the
product of the probability f4(E) that the two acti-
vators are momentarily in resonance with the sensitizer,
the average of the square of the overlap integral 0(2,3')
computed with wave functions normalized in the usual
way, and the square of the two-center dipole matrix
element ry3 computed with the same wave functions.
Thus, we obtain

_ meHOG (R, Riso) (8/18.) (')
K Rg:07s[1— 02(2,3) J[1— 02(2',3) J*
Fs(E)fa(E)dE

Pgsa

XO(2,3) )l (25D f (12)

In this expression Fs(E) is the shape of the emission
band of the sensitizer, normalized such that

f Fs(E)E=1,

and f4(E) is the similarly normalized probability that
the two activators can accept the energy E. If each
activator has the normalized shape function a4(w) for
its absorption band, f4(E) is equal to

fA(E)=faA(w)aA(E—w)dw, (13)
and the integral in Eq. (12) is essentially a statement
of the conservation of energy in the transfer process.
From a slightly different point of view it is the density
of states pg in the familiar expression for transition

f v202(2,3")pa(e)de, (11)

probabilities, P= (2w/k)|(H)|%z. In Eq. (12) &. is
the electric field which would exist at the sensitizer if
an electric field & were applied to the crystal. Neg-
lecting “local field” effects, we may set equal to unity
the quantity (8/«*&.).

We must now discuss the integral in Eq. (12). Let
us assume that the emission band of the sensitizer is
approximately a Gaussian, centered about the energy
E,, with a full width at half maximum given by Usg
=(21n2)/B%, so that

Fs(E)=(B8/m)* exp[ —B(E—Ey%].

Similarly, if the absorption band of the activator is a
Gaussian centered around wo with a width U= (2 In2)/
v}, the joint shape function for the activators is equal to

fa®)=" f expl—7 (w—we)?] expl —y (E—w— ) Jduw

Y b
~(2) esb—r@=2m23 (14
2
If the sensitizer and activators be chosen for best
resonance, so that Eo=2w,, the integral in Eq. (12) is
equal to approximately

1
o [rsesaman- 15)

TEFQU 2+ U2}

Thus, the effective density of states is reduced by at
most a factor 2% by the fact that transfer must occur
to two activators rather than to one.

In order that appreciable transfer occur before the
sensitizer itself luminesces, Pg47s must be greater than
or of the order of unity. Thus, for appreciable transfer,

27[‘% (IHZ)G(Rsz,RS3) kG 3 62 6
G
K%Eo3 (ZUA2+ U,gz)l‘ et ng

(1r237)?
X(gA')2(02(2,3'))Av< r;)> . (16)



LUMINESCENT QUANTUM YIELDS

Where the activators are near to each other, say first-
or second-nearest like neighbors, we may expect 0(2,3")
to be of the order 107, and |rss| to be perhaps a few
times 10~° cm. If we evaluate Eq. (13) for a typical
alkali halide, setting k=2.4, Ey=5 ev, Us~Ug=0.4 ev,
and choose P states for the excited activator (i.e.,
g4'=3) we may solve for a characteristic value of Rgs,
finding that for appreciable transfer to occur, Rg,
must be less than or of the order

Rs2S12 A (17)

Thus, we find that if two activators, separated by only
one or two lattice distances, are within about 12 A of
an excited sensitizer, the sensitizer will probably trans-
fer its energy before emitting a photon. If the two
activators are farther apart than first- or second-nearest
like neighbors, ©(2,3") and rz3 will be reduced, and the
activators would have to be closer to the sensitizer
than we have found in Eq. (14). There are about 160
lattice sites for Na or Cl within a sphere of radius 12 A
in NaCl, so that we would have a reasonably large
probability of achieving these conditions in a crystal
doped with activator in excess of one percent.

It is important to note that for this process to occur
it is not necessary that the activator’s transition of
energy ~wp be an allowed one. That is, the matrix
element rs3 is not the usual dipole matrix element
responsible for an allowed electric dipole transition on
the activator, but is instead a two-center matrix ele-
ment which will in general be nonzero regardless of the
relative symmetry of ¢, and y3’. Hence an activator
such as Mn might be perfectly satisfactory in this
transfer process, and in fact might work better in this
double-transfer process than in the usual single transfer.
If the radiative transition in the activator is too weak
one may not be able to observe an absorption curve,
but the transfer may occur anyway. In this case of
course one would not know as(w) or fa(w). In this
case also the luminescent decay time from the activator
would be long, but this would not necessarily imply a
low emission yield.

Once the activators are excited, they will either
luminesce or undergo a nonradiative transition to a
lower state. We may compute the quantum yield for
the activators’ luminescence as twice the transfer yield
multiplied by the average luminescent efficiency of the
activators. The presence of the sensitizer and the other
activators will not in general influence greatly the
relative probability for emission until the concentration
becomes so high that concentration quenching is im-
portant. The luminescent quantum yield from the
activators will be a function of concentration similar to
that in Fig. 1 of reference 1, but with the ordinate scale
multiplied by two for good efficient activators. Thus,
we obtain the quantum yield for the activator lumi-
nescence, a function which monotonically increases
with activator concentration, with a critical concen-
tration of about one percent where the yield is unity,
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if we use the typical figures leading to Eq. (17). Above
this concentration the yield should continue to increase
until concentration quenching begins to dominate.

If thermal quenching occurs on the sensitizer so that
in the .absence of the activators the sensitizer has a
luminescent yield of 5, the criterion for efficient trans-
fer is obtained by replacing the left side of Eq. (16)
by ns. With an efficient sensitizer we would expect 5g
to be about unity, and the above results not to be
appreciably changed.

The dependence of this transfer process on tempera-
ture! and on sensitizer concentration? is expected to be
similar to that for the usual single transfer, and will
not be discussed here.

If the two activators were sufficiently close together
and were to interact sufficiently strongly, another point
of view would be appropriate, in which the two acti-
vators might be considered as a diatomic activator
molecule. In such a case, if the energy levels and wave
functions of the activators were strongly perturbed,
the foregoing arguments might or might not be appli-
cable. For example, the molecular levels might not be
in resonance with the excited sensitizer, so that transfer
could not occur. Or it might happen that direct exci-
tation of the molecular activator could occur by the
absorption of the incident ultraviolet photon, even in
the absence of the sensitizer. Similarly, the emission
from the activator molecule might occur in the form
of one uv photon rather than two visible quanta.
A possible piece of evidence indicating the necessity
for the “molecular” viewpoint would be the appearance
of an appreciably modified absorption spectrum at high
activator concentration. On the other hand, if the
specific interaction between neighboring activators is
not too great, the energy levels would not be greatly
perturbed, the absorption spectrum would not be much
modified, and the activators could be considered as
largely independent. This is the case treated here,
which may be expected to be typical in systems in
which tight binding is prominent.

In summary, it is proposed that sensitized lumi-
nescence measurements be made at high activator
concentrations where the activator is in half resonance
with the sensitizer. It is expected that quantum yields
greater than unity may be obtained in the process of
changing uv photons into visible light. A suitable
system might be one such as KCl containing 0.1 mole
percent Tl and about 3 mole percent Mn.}
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