
PHYSICAL REVIEW B VOLUME 20, NUMBER 5 1 SEPTEMBER 1979

Energy transfer and two-center optical transitions involving
rare-earth and OH impurities in condensed matter

Michael Stavola and D, L. Dexter
Department ofPhvsics and Asti onornv.

Universitv of Rochestel, Rochester, We~' York (4627
(Received 27 November 1978)

We present theoretical calculations t'or energy transt'er and two-center optical processes involv-

ing simultaneous rare-earth electronic and 01-1 vibrational transitions in condensed matter.
tAlong the lines sketched at the 1978 Paris Luminescence Conference (3. Luniinescence 1979)),
We use an electrostatic coupling model and perturbation theory to develop t'ornsal expressions
f'or transition rates. Approximate expressions are derived and nunlerical results are presented

for several specit'ic processes and systems. Comparison with transition rates f'or rare-earth (RE)
ion pairs indicates that the effects discussed can be observed experimentally. The importance ot
these effects as a local probe of' the structure of' the RE-ion's environnient (not only in solids)

as well as means tor production of a high population ot a specit'ic RE excited state is noted.

I. INTRODUCTION

Much work has been done in the last few decades
on energy transfer among atoms, ions, and molecules
in gases, liquids, glasses, and solids in organic and
inorganic systems. A particularly rich source of
phenomena has been in trivalent rare-earth (RE) sys-

tems, where, because the inner 4f electrons are well

shielded, the transition energies in the visible region
of the spectra are sharply defined (a few wave
numbers) and the densities of states are correspond-
ingly high. In addition to direct energy transfer from
one excited ion (the sensitizer or donor) to another
(the acceptor or activator) several cooperative effects
have been observed and treated theoretically. These
include such phenomena as simultaneous energy
transfer from two ions to another, absorption of a

photon by two ions in cooperation, transfer of part of
an ion's excitation energy to another ion with the en-

ergy difference being emitted as a photon, and the
inverses of these processes, all of which involve ei-
ther three ions or two ions and a photon. Several re-

.views which include discussion of the energy transfer
and cooperative processes involving RE ions have re-
cently appeared. ' ~

The interpretation of these effects has almost en-
tirely been based on perturbation theory applied to a

tight-binding description of the constituents. The
ion's wave functions and energy levels are treated as
known and almost independent of the presence of
the other ions with which they exchange energy. The
probability of direct energy transfer, for example, is

calculated by Fermi's golden rule in which the densi-

ty of states is provided by vibrational motion. This

approach was developed by Forster' in a classic paper
for organic molecules in liquid solution, where the
matrix element appearing in the transition probability
was that for induced dipole-dipole coupling between
the molecules. For many transfer events of interest
this is not the dominant mechanism, but rather one
expands the electrostatic interaction in a multipole
expansion for the classical part and includes exchange
where necessary, as in dealing with triplet states in

aromatic hydrocarbons, for example.
Among RE ions the interactions are weak, and it

appeared to us that ion-pair effects comparable to
those observed with RE ion pairs should be observ-
able with RE, OH ion pairs. More specifically, we
are interested in energy transfer, cooperative absorp-
tion, its inverse, simultaneous emission and energy
transfer, and its inverse for R E, OH pairs. Energy
transfer to OH could be deduced by the quenching
of RE luminescence observed in the absence ot OH .
Cooperative absorption could be observed by detect-
ing RE luminescence when exciting at the sum of the
RE and OH excitation energies, In a simultaneous
emission and energy-transfer process, a photon which
could be detected would be emitted at the energy ot a
RE transition less the energy transferred to OH .
Single-photon absorption spectra of molecular sys-
tems, both liquids and solids, display cooperative
electronic-vibrational and vibrational-vibrational
phenomena8 analogous to the cooperative effects in-

volving RE, OH ion pairs of interest to us here. Vi-
bronic side bands and multiphonon decay of RE ex-
cited states have also been studied but these
phenomena involve delocalized vibrational excitations
of the host material while we are interested in a
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specific intramolecular vibrational excitation of a de-
fect. Riseberg and Weber2 review the multiphonon
relaxation processes.

The substitutional OH ion has been extensively
studI: i in alkali-halide crystals so th:.. =i . . an&- =.

' the
necessary parameters are known in these hosts.
Also, the circumstance that a crystal of the LaC13
structure can be grown also as La(OH)3 (see Ref. 9)
ensures that at least a small amount of substitutional
OH can be incorporated to replace Cl in this ma-
terial. Of course it is well known that RE impurities
can readily be added to replace La. Rather surpris-
ingly we were unable to find spectroscopic results for
the OH impurity in LaC13, either in the infrared or
in the ultraviolet. Accordingly, in the following we

use values appropriate to OH in the alkali-halide
hosts, realizing that they may not be exact. The
most significant properties of the OH ion for our
purposes are as follows. In the infrared, there is an

absorption band at about 3600 ' associated with ex-
citation of the OH stretching fundamental mode.
The absorption band associated with the OD stretch-
ing fundamental is at about 2600 cm ' and can aid

greatly in the identification of the effects to be dis-
cussed. ' In the ultraviolet, there is a strong absorp-
tion band at about 6 eV." The Stokes shifted
luminescence to excited vibrational levels of the
ground electronic state has also been observed in

KBr. '2 The high energy of the OH vibration can
place it in near resonance with electronic energy
separations between RE states which ordinarily
luminesce in the absence of OH, making energy-
transfer processes of interest. It also provides a large
separation between the purely electronic and the
weaker two-center vibronic bands we predict, thus
making feasible the observation of the latter.

The quenching of RE luminescence in environ-
ments with high-energy vibrational modes has been
known for some time. In hydrated crystals only the
RE ions near the center of the series of trivalent
lanthanides (i.e., Gd'+) luminesce. and even large

gap transitions, like Tb'+(5D4 —'FJ) for example,
.which normally give rise to luminescence are strongly
quenched, presumably through nonradiative coupling
in the excitation of H20 vibrations. ' The same is

true in RE trihydroxide crystals where the coupling
seems to be to OH vibrations. ' Auzel'5 has told us
that the presence of OH in glasses tends to quench
RE luminescence and care must be taken to remove
OH from samples. Nonradiative quenching of
luminescence is also observed in aqueous solutions of
RE ions and was of considerable interest in the 60's
in connection with the development of liquid lasers. '

Heber and Hellwege' have considered the quench-
ing of Tb +(~D4) and Eu3+(5D0) luminescence in a
number of hydrated crystals. They treat the quench-
ing mechanism as a multiphonon-type energy-transfer
process in which the excitation energy of the RE ion

is transferred to vibrational modes of several water
molecules. They treat the quenching of Eu3+('Dt)
luminescence as energy transfer to an H20 bending
mode which is in near resonance with the 5D~ 50o
splitting.

A theoretical calculation of the energy-transfer rate
from Eu3+(5DO) and Tb3+( D4) in aqueous solution to
vibrational modes of several water molecules has
been made by Terpelevskii. ' Experimental evidence
indicates, however, that in solutions the energy of' an
excited RE ion is transferred to a highly excited vi-

brational state of a single OH oscillator; the more re-
cent work of Haas and Stein and Stein and
Wurzberg' done on RE ions in aqueous solutions
contains many references to the study of the quench-
ing of RE luminescence in solutions. Haas and Stein
have developed a model to explain the nonradiative
quenching processes in aqueous solutions and Stein
and Wurzberg investigate the fitting of the quenching
rates for the series of RE ions to a modified energy-
gap law.

For our energy-transfer calculations we wish to
avoid the strong quenching processes observed in en-
vironments which include many centers with high-

energy internal modes, and are interested in a system
which would luminesce in the absence of OH and
which contains a dilute concentration of OH as a

substitutional impurity. Energy-transfer processes in

which a RE transition is in near resonance with the
OH stretching fundamental or the first overtone are
of interest to us. We are not mainly concerned with
transitions involving transfer of large amounts of
electronic excitation energy, hence energy transfer in-

volving higher OH overtone bands than the first.
However, if the matrix elements were known for the
high-energy transitions of H20 in aqueous solutions,
say, where transfer is to a single OH oscillator, then
our methods could be applied to calculate the nonra-
diative transfer rates for large-gap RE transitions in

aqueous solution.
Two-center optical transitions involving a trivalent

RE ion and an intramolecular vibrational mode of a
defect have not been treated previously to the
knowledge of the authors. Here we need not only be
interested in a system incorporating the OH ion as a

dilute impurity. Effects involving large-gap RE tran-
sitions for which nonradiative decay processes are
sufficiently slow that luminescence is observed even
in environments containing many centers with high-
energy internal modes could also be studied so that
the weak effects we propose could have appreciable
quantum yields. For example, in hydrated crystals,
trihydroxide crystals, or water one could study two-
center vibronic transitions involving isolated OH or
OD centers by employing isotopic substitution. That
is„RE, OD ion pairs could be studied in a trihydrox-
ide crystal made with a dilute concentration of OD
for example. While this manuscript was being
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prepared this idea has led to the observation of RE,
OD and RE, OH two-center optical transitions in

aqueous solutions,
We take advantage of the shielding of the RE-ion's

4 f wave functions by treating the nonradiative
energy-transfer processes and two-center optical tran-
sitions along the lines of Forster and Dexter.
That is, tight-binding wave functions are used to
describe RE, OH ion pairs and perturbation theory
is used to include the effects of electrostatic interac-
tions. The formal aspects of the theory are presented
in Sec. II of this paper. In Sec. III we derive approxi-
mate expressions for relatrix elements appearing in

the results of Sec. III and make numerical estimates
of transfer rates and transition strengths for several
specific processes. Section IV contains concluding re-
marks.

A. Energy transfer

& )If„(E),Fbb'(E) dE (2.1)

Here, the integral is over the normalized line-shape
functions for the radiative transitions a a' and
b b' of the isolated impurity centers and represents
the density of energy-conserving states. (This as-
sumes negligible perturbation of transition energies
of one object by the proximity of the other. ) The in-

teraction energy,

We may write the probability for the transfer of en-
ergy between center A, which makes an electronic
transition a a', and center B, which makes an elec-
tronic transition b b' as6

2m 2

P~a = (&&I&Aal&'b')
h

II. ION-PAIR EFFECTS INVOLVING ELECTRONIC
AND VIBRATIONAL TRANSITIONS

A theory of ion-pair effects in which one center
makes a vibrational transition and the other makes an
electronic transition is developed here. It is the sum
of electrostatic interactions between centers which
gives rise to these effects, where we include both the
electron-electron and electron-nuclear interactions
when one of the centers may make vibrational transi-
tions. Making use of Born-Oppenheimer wave func-
tions to describe centers with internal vibrational de-

grees of freedom, we generalize expressions for the
transfer probability in Sec. II A and for the coopera-
tive radiative dipole moment matrix elements in Sec.
II B. The formalism could easily be generalized to in-

clude vibronic transitions at both centers so that
transfer involving purely electronic or purely vibra-
tional transitions of centers A and 8 could be con-
sidered to be special cases. However, such a general-
ization would lead us away from the central point of
this paper.

Throughout this paper we neglect the effects of
electronic exchange. Theoretical calculations of
Kushida22 which do not include exchange adequately
explain the observed magnitudes of many RE ion-
pair phenomena. Miyakawa and Dexter have calcu-
lated overlap integrals for the 4 f wave functions of
RE ions and found them to be small. While the si-

tuation is somewhat different here, that is smaller
separations are possible for RE, OH pairs than RE
pairs and the electronic wave functions of the OH
ion are not as well shielded as the 4f wave functions
of the RE ion so that better overlap may be possible,
we expect that where low-order multipole moment
matrix elements are not disallowed, the inclusion of
exchange effects would not materially change the
results.

(2.2)

is customarily expanded in a multipole expansion.
Here, r;(A) and r, (B) are the coordinates of the
electrons of centers A and B measured from their
respective centers of mass, K is the dielectric constant
of the solid, and R is the separation of the centers.
P~~ is to be averaged over the components of the
initial-state manifold and summed over the com-
ponents of the final state manifold.

The transfer probability is revised here to treat the
transfer of energy between center A, which makes an
electronic transition a a', and center 8 which
makes a vibrational transition Op. Op, '. (Center 8 is

assumed to be in its ground electronic state. ) If we

neglect exchange, we may take the zero-order wave
functions for the ion pair to be products of the wave
functions of each center as in the theory involving
only electronic transitions except that a Born-
Oppenheimer wave function is used to describe
center 8 (the OH ion). The wave functions are

p. (r (&))4, -„t»(r (8))x0„(x(8))

for the initial state and

y, (r (A )) @a „(a)(r (8))x0„(x (8))

for the final state. The coordinate system is drawn in

Fig. 1. Here, r (A) and r (8) are a shorthand nota-
tion for all electronic coordinates of centers A and B.
The x (8) represent the nuclear coordinates of center
8 The wave function g, (r (.A)) describes the elec-
trons of center A; $0-„ta&(r (8)) describes the elec-

trons of center B and depends parametrically on the
nuclear coordinates. The vibrational wave function
x0~(x (8)) represents the product of oscillator wave
functions, one for each normal coordinate, which
describe the nuclei of center B. The nuclear wave
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function depends on the electronic state of the
center, hence the index 0. The index p, represents
the quantum numbers which describe the vibrational
state of the center.

For a vibrational transition of center 8, its initial-
and final-state electronic wave functions are not
orthogonal so 'that the interaction of the electrons of
center A with the nuclei of center 8 must also be in-

cluded in the interaction energy along with the elec-
tronic interactions. This contribution to matrix ele-
ments will not vanish as in the case of purely elec-
tronic transitions at both centers. With these few
changes, the transition probability for an event in
which 8 remains in its ground electronic state is writ-
ten

2

PAB (~ou I &~s I
~'o~'&

Z{B)

f) {B)

—y{B)

FIG. 1. Two-center coordinate system f'or a RE (center
A), OH (center 8) ion pair.

x JI f««)Fa..o„«»~ . (2.3)
assisted energy-transfer process might allow efficient
quenching of luminescence even if there is some en-
ergy mismatch,

(For direct transfer to OH we would normally be in-

terested in the case p, .=O.) Here,

B. Cooperative effects

PZt

«I r;(&) —K —xi(8) I
(2.4)

where zL is the charge of the Lth nucleus.
The transfer of energy can go either way, in reduc-

ing the electronic excitation energy in 3 and increas-
ing the vibrational energy on 8 or vice versa depend-
ing on the energies, linewidths, and lifetimes of the
states involved. Because the lifetimes of specific vi-

brational states in condensed matter are typically
much smaller than the radiative lifetimes of RE elec-
tronic states, it is expected that this kind of transfer
could efficiently quench luminescence that would be
observed in the absence of the vibrationally excitable
centers. Further, because the vibrational modes of
center 8 may be strongly coupled to the lattice (lead-
ing to the short nonradiative lifetime), the phonon-

The theory of cooperative optical absorption can be
generalized to include the cooperative absorption of a
photon by two centers, resulting in the electronic ex-
citation of one and the vibrational excitation of the
other. Other ion-pair effects, cooperative lumines-
cence, simultaneous optical absorption and energy
transfer, and simultaneous emission and energy
transfer are treated similarly. The theory ' '
developed to explain the simultaneous excitation of
two rare-earth ions, as first observed by Varsanyi and
Dieke in PrC13, is sketched in the next paragraph.

A nonzero transition moment matrix element for
cooperative excitation is possible if one uses product
wave functions, corrected to first order in perturba-
tion theory to account for electrostatic interactions
between electrons of different-centers. The wave
functions for the ground state and double excitation
state can be written

y&(r(~))y, (r(8)) —X g ' y. (r(~))@, (r(8)),
a"&0 b"&0

fl fl

P, (-(~))P, ( (8)) — y y ""'
P, ( (~))P, ( (8))

"& ' b"&b' ~a" ~a'+ ~b" +b'

(2.5)

Here 00 denote ground states, a'6' denote final states, and a "b" denote intermediate states for centers 3 and 8,
respectively. The radiative dipole moment operator for the ion pair is $,. e r;(A) + $.e r, (8) so that the transi-
tion moment matrix element with these wave functions is

t

t

+ I (oIX -(»I "& "'
X &oIX -(»I6"&

a"Wa' i ~a" 'Ba' 6b b "Ab' j Qbll Q I Qbl
(2.6)
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%hen vibrational transitions of center 8 are to be considered, the nuclei of center 8 are to be included in writ-

ing the radiative dipole moment operator for the ion-pair system. The perturbing Hamiltonian for the incident
radiation is

( )

Q (r;(A)) p;(A) —g C(rJ(B)) p, (B) —X Q(xk(8)) PL(8)
mc me MLc,

(2.7)

Here, Q is the vector potential for the incident radiation, p; = —i AV-, , and PL = —i A V-„, The ion-pair system
I "L

considered here is small compared to the wavelength of light so that the electric dipole approximation may be
made for the radiation field

$—p&(A) + g —p, (8) + $ PL(8) ibb ge r;(A) + ge r, (B) + gzL xL(8)
m

'
m L ML J; ', '

L
(2.8)

It will be useful to adopt the following tensor opera-
tor notation, viz. ,

nates of the L,th nucleus. The radiative dipole mo-
ment operator is rewritten

D (k)(A ) = g rk(A ) ( (k) (() @ ) eD ' (A ) + eM(' (8) (2.10)

M,'"'(8) = $ r,"(8)C,(")((i, y,),

+ y XLk (8)C—q'k'(eL, yr, )

and

C 'k'(8 @) = [4m/(2k + 1)j 'i'
Yk, (8, y) (2.9)

Here, Y«(6, @) is a spherical harmonic, (r, , (), , Q, )
are the spherical polar coordinates of the j th elec-
tron, and (x(„HL, @L) are the spherical polar coordi-

A Born-Oppenheimer wave function is used to
describe center 8. As in the theory involving only
electronic states, nonzero transition moment matrix
elements are. not possible between the ground and
double excitation state with simple product wave
functions because the interaction with the elec-
tromagnetic field consists of a sum of one particle in-
teractions. It is the electrons at center A interacting
with the electrons and nuclei at center 8 that give
rise to the cooperative effect of interest here. The
corrected wave functions for the ground and coopera-
tively excited states of the ion pair system are

Pp(r (A)) Pp „(B)(r(8))Xpp(x (8))—
bb ~0 bn

p,"&0when b"-0

(a "a"&"
I
e„'B Iooo)

5a ' + 6b "p

x p, (r (A))@b„-„(B)(r(8))Xb „(x (8))

p, (r (A)) gp -„(B)(r(8))Xp~'(x (8))—
n~ I bit n

p,"&p,' when b"-0

(B "&"i "I &.B IB'op')

~ '+&b" " ~0 'a a by, Op,

)( y, (r (A)) P, „( )(r(8)) x „(x (8)) (2.11)

Here, the quantum numbers, 000 denote the ground state, a'Qp, ' denote the cooperatively excited state, and
a "b"p," denote the intermediate states of the ion pair system.

The radiative dipole moment matrix element, with these wave functions, is
1

(oool H„'
I

"op, '
)

a"&0 8, +e0„
t

baal

ll

p" WO when b"-0

000 H
' 'b"

«IM(()(8) I() i) ( I ~B i
" )Lb i

+ gbn ir

(a 00 H„a op, )
a "Wa' ~a- —~a —

&0~ bn II

p"&p, ' when b"-0

Q
" )rIg' J r0

(oolM(')(8)l~" ") (
pb 1' —

ppa p,

(2.12)
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The matrix elements involved in cooperative emission, simultaneous absorption and transfer, and the simul-
taneous emission and transfer effects are similar to the one written for cooperative absorption. These effects all

involve two-center optical transitions which have nonzero radiative dipole moment matrix elements when product
wave functions describing the initial and final states of the ion-pair system are corrected to first order in perturba-
tion theory to include electrostatic interactions between centers.

We generalize Eq. (2.12) to include transitions from an imtial state laOIM), which need not be the ground state
of the ion pair, to a final state la'Ottt, '), as follows:

I

tl ~ Qp« —5~ + Kp~t Ep~ b "p,«

p,«&0 when b«-0

t I
l

(0PlH l 0P)
Q+« —5+t + 60&

—60&' b "p,«

IM.
«Wp' when b" 0

to
(op, j Mttt(8)

l

b"p,")—
gbtl tl gp I + Q Q I

I

(2.13)

If the initial state la0p, ) is of lower energy than
the final state la'Op, '), then the effect is cooperative
absorption if both ions make upward transitions, or is
simultaneous absorption and transfer if one ion
makes an upward transition and the other a down-
ward transition of less energy. Similarly, if the initial
state laOp) is of higher energy than the final state
la'Op, ') then the effect is cooperative luminescence if
both ions make downward transitions or is simultane-
ous emission and transfer if one ion makes an up-
ward transition and the other a downward transition
of greater energy.

III. NUMERICAL RESULTS

In Sec. II the theory of several ion-pair effects was
rewritten to include a center which undergoes only
vibrational transitions. In the specific system we con-
sider here, center 3 is a tripositive RE ion and center
8 is an OH ion where both are imagined to be im-

purity centers in a solid. We derive approximate ex-
pressions for the squared matrix elements appearing
in the results for the effects previously discussed.

Estimates of matrix elements and sums over excit-
ed states for RE ions are made using the methods
employed by Kushida in estimating the magnitudes

of ion-pair effects involving electronic states of RE
ions. A scalar theory is developed by averaging over
the orientations of RE and OH ions. Further, for
RE transitions, we average the matrix elements over
the components of the initial and final states, that is
the structure of a level, J, and the details of the po-
pulation of sublevels are ignored, as an approxima-
tion, for the purpose of evaluating matrix elements,
The details of these and further approximations are
expanded upon in what follows.

Experimental results for OH impurities in the al-

kali halides are used to obtain numerical estimates of
matrix elements and sums over excited states to
make clear the order of' magnitudes involved. It is

important that one realizes that the parameters we

use do not exactly characterize the OH stretching vi-

bration in all environments, For example, our nu-

merical estimates would certainly need modification
to be applied to effects involving OH vibrations in

aqueous solutions.

Energy transfer

We estimate the squared matrix element appearing
in the energy-transfer rate,

-E]/kT

l (tt;Op I
&~a'I &f'Op') I'„' f. (~)Fo o '(&) 4F. . (3.1)

The sum is over the components of' the RE-ion's initial- and final-state manifolds. A Boltzmann factor has been
-E,./j4T

included to account for the thermal distribution of energy among the initial-state levels. Also Q
—= $,.e ' . The

methods to be employed in deriving an approximate expression for Eq. (3.1), as applied to energy transfer
between RE ions, have been reviewed by Watts, ~
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The following expansion formula is used to write the electron-electron portion of tIte interaction energy as a

multipole expansion25:

r, (W) —K —r, (a)

t 1/2 '

ktk2. . .kt [2(kt + kg) + 1]! kt k2 (kt + k2) kt+k2
0' (P

(2kt)!(2k')! qt q2
—(qt+q2) rt+q2 (3.2)

The electron-nuclear interaction is expanded similarly to obtain the following expansion for the electrostatic in-

teraction energy, written to include the electric moments of the center 8 nuclei:

2

12&
(3.3)

We use this multipole expansion and an expanded notation for the states of the RE ion to write the squared ma-

trix element of HAB as follows:

C,' (0, d&) (4f &l&JMI Dq,
' (3 ) I4 f &id'J'Af'& (OP, IM 2

IOP, '&

12k
0.4)

While it is possible to estimate the value of this expression for a specific crystalline geometry„a more general
expression can be derived if we myke the following approximations. Upon-integrating the squared matrix ele-
ment over 0 and 4, many of the cross terms in the square of the sum over k1, k2, q1, and q2 vanish because of
the orthogonality of the spherical harmonic in C, ', 2(0, d&). Cross terms which do not vanish, that is those terms

for which kt+k2=kt'+k2' but kt 4 kt' and k2 4 k2', are ignored4 (See Sec. 111B) lf the square of the 3j sym-

bol appearing in C«(O, d&) is replaced by its average value, the squared matrix element becomesk1k2
0102

l I e2 [2(kt + k2)]!
k+k+t (2k +1)&(2k +1)&

1 2

x X I &4f"AJ~ID, ,
' (~) 14f"O'J'~'& I'l(OI IM '(»IO~'& I' (3.5)

In estimating the transfer probability we average the squared matrix element of HAB over the quantum numbers
M and M', An approximate expression for the energy-transfer rate is then

PAB
27r 1 e2 [2(kt + k2)]!

&d
"t+"2+' (2kt + 1)!(2k2 + 1)!

k1k2 R

I &4f"OJ
I ID

' (& ) I
l4f"y'J'& I'

(2J +1)(2J'+1)

x I&O~IM~ '(~)IOv'&I' pE . (3.6)

where

—E./kT
ePE= z fd ' &d&FO„„(d&dd'

if

It should be noted that Kushida includes the factor
1/(2J'+ 1) in the overlap integral while we do not.

For odd k, matrix elements of Dtkl between 4f
states of RE ions would be zero except for the confi-
guration mixing caused by the crystal field. Reduced
matrix elements of D ' can be estimated from the
electric dipole contribution to the oscillator strength
of optical transitions between 4f levels using the
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equation

2mcu 1

3f (2J + I)

X
I
(4/'yJ I I

D'"
I I

4/'O'J') I' . (3»

Reduced matrix elements of the unit tensor opera-
tors, U ", have been tabulated for many RE transi-
tions. The radial matrix elements are taken from
Judd"s 6 work. The reduced matrix element of C
can be evaluated by standard tensor operator tech-
niques.

The dipole matrix element for the 00 01 transi-
tion of the OH ion is estimated using Wedding and
Klein's' experimentally determined oscillator
strengths and the equation

I (OOIMtu IOI) I' (3.9)

Here, mo~ is the reduced mass of the OH ion. In
the alkali halides a typical oscillator strength for the
OH stretching absorption is 5 & 10 from which we

estimate

I
«ol~"'lo» I'=2.6 &&10 'ag

The effect of the large mass in Eq. (3.9) is to reduce

I
(00IMt'llol)

I by about three orders of magnitude
from what it would be for an electronic transition of
comparable oscillator strength.

In the following paragraphs we make numerical es-
timates of Eq. (3.6) for transfer involving several
specific RE transitions which are in near resonance
with OH transitions from the ground state to the
fundamental or first overtone bands. While the ener-
gies and linewidths of these transitions are not known

by the authors for a system incorporating RE and
OH impurities, we consider transitions where the in-

tegral over lineshape functions could be sizable,

We calculate f,q(J J') using Judd-Ofelt~ ~' int'ensi-

ty parameters reported in the literature. We use
values of f,~ given for specific RE hosts here to esti-
.mate the order of magnitude of P~q, realizing that
the forced electric dipole oscillator strength is sensi-
tive to the environment of the RE ion. Riseberg and
Weber, and Peacock have recently reviewed the
work done on the intensities of intraconfigurational
RE transitions.

For even k, the reduced matrix elements of D "
between intermediate coupling states for the 4 f levels
of RE ions are calculated using the following equa-
tion:

(4f+AJIID II4/ 4 J ) = (4fl 1r4f) (fllCt"'ll/)

(/'~ J
I I

U'"'l
l
/'~'J')

(3.8)

Although we leave the density-of-states factor un-

determined in our calculations, we make crude
guesses as to what it might be. First one should note
that for the way have chosen to define pq, the
lineshape functions for transitions from the RE ion's
initial-state manifold, to each of the 2J'+1 com-
ponents of the final state, have unit area so that the
total area for the entire band, J J', is 2J'+1. We
characterize roughly the RE and OH transitions as
follows for the purpose of estimating p~. The widths
reported by Wedding and Klein' for OH in the al-
kali halides are taken to be appropriate here. At heli-
um or nitrogen temperature, we assume that the
RE-ion's transitions originate from the lowest Stark
component of the initial state J, and terminate at
2J'+1 components of the final state J', giving rise to
a band of 2J'+1 sharp lines. We also take these
lines to have widths much narrower than the OH
band's width and splittings that are large enough so
that good overlap with the OH band is possible for
only one Stark component. Then, for perfect overlap
of one of the 2J'+1 6-function-like RE lineshape
functions and a Gaussian, OH lineshape function,

pE is approximately equal to the reciprocal of the
OH band's full width at half maximum (FWHM).
pz is reduced by a factor of 100 if the peaks of the
lineshape functions are split by about 1,3 times the
FTHM of the OH band.

%e estimate the OH band's FWHM to be 1—2
cm ' at 4'K, 10—20 cm ' at 77'K, and 50—75 cm '

at 290'K from a graph of OH widths for various al-
kali halide hosts as a function of temperature. ' At
helium temperature, perfect overlap would give a p&
of about 1(l/cm '). At nitrogen temperature, per-
fect overlap would give a pq of about 0.1(l/cm ') to
0.05 (1/cm ') with pE being reduced by a factor of
0.01 if the lineshape function peaks are split by
15—25 cm '.

At room temperature, we do not characterize the
RE transitions as above but rather take a transition,
J —J', to give a Gaussian shaped band of area
2J'+1 with a FWHM of about 75 cm '. For perfect
overlap with an OH band with a 75 cm ' FWHM,
pq is about 10 (I/cm ') x (2J'+1). If the peaks of
the RE and OH bands are split by 100 cm ' at room
temperature, pq is reduced by a factor of about 0.1.

It should be clear here that p~ is temperature
dependent just as for energy transfer between centers
making purely electronic transitions. If the overlap
between emission and absorption bands is very good,
then increasing temperature tends to broaden these
bands and decrease pq. If the overlap is not good, as
it is often the case, broadening bands increases over-
lap and thereby increases pg,

We realize that we have characterized RE and OH
transitions crudely but the estimates of pE we have
made should help one understand the significance of
the energy-transfer rates we report without the spec-



20 ENERGY TRANSFER AND T%0-CENTER OPTICAL. . . 1875

troscopic data necessary to calculate pE properly. In
the following pE always has units of 1/cm '.

We report estimates of energy-transfer rates for
dipole-dipole and quadrupole-dipole processes when
the transfer involves the OH stretching fundamen-
tal. The dipole matrix elements for intraconfigura-
tional RE transitions are only weakly allowed so that
quadrupole-dipole processes, unless disallowed, are
expected to dominate for small separations. We.re-
mark that smaller separations are possible for RE„
OH pairs than RE pairs because here OH would re-

0
place a liganding ion. In say LaF3, about 2.5 A is

possible for RE, OH pairs compared to about 3.7 A

for RE pairs. Transfer processes involving RE mo-
ments of higher order than quadrupole have been es-
timated and are small with respect to the
quadrupole-dipole rates estimated here but could be
of importance for RE transitions which are not qua-
drupole allowed as they are comparable in magnitude
to the dipole-dipole rates at small separations.

Direct transfer for Dy3+, OH pairs

We consider direct transfer for a Dy +, OH pair
first. The MI3/2 level of Dy normally exhibits
luminescence at about 3500 cm ' in going to the

HI5/2 ground state. Energy transfer to OH should
quench this luminescence at room temperature.

For a dipole-dipole process we estimate

p «-+ = 7 x 1012(a,/R )E(pE/„2) s«-1

using Eq. (3.6). To obtain this result we have es-
timated the electric dipole contribution to the oscilla-
tor strength of the H$3/2 HI5/2 transition from the
Judd-Ofelt intensity parameters reported for Dy'+ in
solutions by Carnall et al. ' From

fed( H13/2 +15/2) 1.0 x 10

we g'et

1&4f "/I„/2IID "114f 'e15/2&I'=1. 5 x 10-'a,'

using Eq. (3.7).
For a quadrupole-dipole process we estimate that

P„'E4 "'=3 x1016(aa/R)'(pE/K2) sec '

using Eq. (3.6). To obtain this result we have calcu-
lated

1(4f"/f IID"'114f "H /, &12=0.5a04

using Eq. (3.8) with

I &f 96' 11(/t2'l
l f 94/I 5/2)1 =0 2457

as given by Carnall et al, ' and
(4f1r214 f) =0.972a2 26

0
At a separation of 2.5 A

P„// =1 x 10"(pE/K2) sec '

and

Pz~~q ~1 = 6 x 10~(pE/x2) sec '

with the quadrupole-dipole transfer rate dominating.
The overlap integral could be very small and still al-
low significant energy transfer compared to the spon-
taneous emission probability of about 20 sec ' for
Dy +( H12/2) estimated from the 3udd-Ofelt intensity
parameters. The possibility of back transfer is dis-
cussed in Sec. IV.

2. Direct transfer for Er3+, OH pairs
and Er3+, OD pairs

Energy transfer to OH can also occur from a RE
ion which makes a transition between excited states.
The lowest component ot the Er +, I~&/2 manifold is
above the I~3/2 manifold by 3477 cm ' to 3698 cm '

in LaF3. We estimate the probability of energy
transfer f'rom Er +, nsaking a transition III/2 II3/2,
to OH as follows.

For a dipole-dipole process we estimate

P 1" 1 = 2 x 1() (aa/R ) (pE/K2)

We have used the Judd-Ofelt intensity parameters re-
ported by Weber for LaF3.Er + to calculate
f,d =2.4 x 10 and then 1'rom Eq. (3.7) we obtain

I
(4f" '/1 1/21 ID"'114f"'I 12/2) I' = 2.6»0-'aa.

For a quadrupole-dipole process we estimate that

P„=2 10'5( /R)s(p / ) sec '

To obtain this result we have calculated

1(4f"4I„/211Dt &I I4 f" I )12=2.7 x 10 an't

using

1&f"'/ nllU"'llf"'I n) I' —0021

as given by Weber and (4flr 14f) =0.831ao.
For a 2.5-A RE, OH pair separation, the

quadrupole-dipole transfer rate is
1 x 10'0(pE/K2) sec ' and the dipole-dipole rate is
1 x10'(pE/K') sec '. These rates, if compared to the
observed lifetime of the II~/2 state of 11 msec in
LaF2 (Ref. 33) in the absence of OH, show that
transfer to OH should quench the I»/2 lumines-
cence.

If instead of adding OH, one substitutes OD, RE
transitions which are in near resonance with the OH
stretching energy of about 3600 cm ' will not be with
the OD stretching energy of about 2600 cm '. We
expect that luminescence from an excited state which
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is strongly quenched by transfer to OH might not be
for OD . Further, there might be transitions which
are in resonance with the OD energy and lumines-
cence associated with these excited states will be
more strongly quenched by OD than OH .

In Er + the transition, "F9~2 l9/2, has an energy
of about 2700—3000 cm ' for transitions from the
lowest Stark component of F9~2 to the components
of 19/2. Transfer to OD might quench the lumines-
cence of Er'+(4F9(2). We estimate

p(d d) 1
—x 1012((2&/R)6(ps/K2) sec

—1

and

P„s4
d =7 x 10' (a()/R) (ps/K ) sec '

We have calculated the RE matrix elements using
again the Judd-Ofelt intensity parameters and the re-
duced matrix elements of the unit tensor operators
reported. by Weber. The OD dipole matrix ele-
ment has been estimated using Eq. (3.9) with an os-
cillator strength, f =2.5 x 10 2, that is about what is

observed by Wedding and Klein' for OD in a

number of alkali-halide hosts.
0

For a pair separation of 2.5 A,

p(d-d) =1 x 109(pE/, 2) sec-1

estimate
~

(00~M(2) ~02)
~

=8 x 10 a04 using a theoret-
ical calculation made by Cade of the free OH ion's
quadrupole moment. We find the second derivative
of the quadrupole moment with respect to the 0-H
bond length to be 1.14e in the ion's center of mass

0
coordinate system. For R =2.5 A, we estimate Eq.
(3.10) to be 3 x 10 2 so that the OH ion's quadru-
pole moment matrix element provides much stronger
coupling than the dipole moment matrix element pro-
vides.

As a specific example, we consider the 'D2 '64
transition in Pr +. In LaF3, the energy differences for
the lowest component of the 'D2 level and the com-
ponents of the 'Gq level are between about 6300
cm ' and 7100 cm ', ' and include the energy of the
first OH overtone band in KBr:KOH which has been
observed to be about 7060 cm '

~

' We estimate the
transfer probabilities

p(d —d) 5 x 1010((ra/R )6(pE/, 2) sec—1

P (d 4) 2 x—
1014(g()/R )8(ps/K2) sec

—1

P„'s '=6 x 10"(a()/R)'(ps/K') sec '

and

P„' =3 x 10' (ps/K ) sec '

The lifetime of Er'+( F9/2) in LaF2 in the absence of
OH is observed to be 0.75 msec. We expect there
to be significant energy transfer to OD thereby
quenching Er2+(4F9~2) luminescence.

RE OH RE OH RE OH RE OH RE OH RE OH

3. Transfer to OH overtone for Pr +, OH pairs

The energy of a RE transition may be in near reso-
nance with an overtone band of the OH ion, We
consider the excitation of the first overtone of OH
by-energy transfer from an excited RE ion. We show
that an OH quadrupole moment matrix element may
be more effective than a dipole moment matrix ele-
ment, which is nonzero because of the ion's vibra-
tional and electrical anharmonicities, in providing
coupling to the first overtone.

The ratio of Eq. (3.6) written for a quadrupole-
dipole process to (3.6) written for a quadrupole-
quadrupole process i-s

RE OH RE OH RE OH RE OH RE OH RE OH

2'

, I
(QQIM()) /02) )2

Pqt) f (00(M )(02) J2

(3.10)

RE OH RE OH RE OH RE OH RE OH RE OH

The area of the first overtone band for the OH
stretch in KBr:KOH has been observed to be 400

of1

the main band area by Wedding and Klein' from
which we estimate (00~M ')~02) ~2=3 x10 'a(2). We

FlG. 2. Schematic representation of initial, intermediate,
and final states tor a cooperative absorption process. Dou-
ble arrows correspond to electrostatic interactions, single ar-
rows to radiative matrix elements.
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and

P„" "=5x10"(ao/R)"(IIs/K') sec '

from Eq. (3.6) where we have used Eqs. (3.7) and

(3.8) to estimate the necessary RE matrix elements
from the work of Weber 6 and Krupke on
LaF3.Pr . At 2.5 A, P„II q =8 && 10"(PE/K ) sec '

and is larger than the rates estimated for other
processes by at least three orders of magnitude. The
observed lifetime of Pr3+('D2) in LaF3 has been ob-
served to be 520 p,sec, in the absence of OH, so
that transfer to OH should quench the '02 lumines-
cence.

B. Cooperative effects

Approximate expressions are derived here for the
squared radiative dipole moment matrix element for
cooperative optical transition processes involving RE,
OH ion pairs. We use these expressions to make
numerical estimates of the squared matrix elements

for the effects involving specific RE and OH transi-
tions.

In deriving the expressions below, we include those
excited states which we believe may make the dom-
inant contributions to the squared matrix element.
The squares of those terms in the matrix element
that involve the RE-ion's excited configurations, the
OH -ion's vibronic excited states, and the OH -ion's
vibrational excited states are treated separately. If
any one of these sets of excited states does not make
a dominant contribution to the cooperative transition
matrix element, there may be additions or cancella-
tions between terms which are ignored here. Figure
2 is a schematic representation of the contributions to
(he cooperative transition matrix element considered
here.

The first and third terms of Eq. (2.13) involve
sums over excited configurations of the RE ion. We
treat these terms using the methods employed by
Kushida. Expanding H&'q in a multipole expansion
and expanding the notation tor RE states, we find the
first term to be

I

c ' (8 &1I) (4f '(n'I')III"J"M" iDpt' (3) l4f III'J'M')
n'I' K k k g } 2

yII JIIMII
g }$2

(4f IIIJMiDq, ' (3) i4 f '(n'I') III"J"M") (op, iMq (8) i0p, ')
X

E(4fN '(n'I') III"J"M")—E(4f IIIJM) +qo„—qa„
(3.1 1)

The approximation methods introduced by Judd and Ofelt' to calculate the oscillator strengths of optical transi-
tions between levels of the 4 f configuration in RE ions are used to simplify the evaluation of the sum over excit-
ed states. Peacock has reviewed the theory of RE transition intensities and has included a didactic discussion of
the tensor operator techniques and discussion of the validity of the Judd-Ofelt approximations. In this approxi-
mation an average energy denominator is introduced. This allows the following closure relationship to be used to
sum the contributions from the excited configuration:

(4 f"IIIJMilDq ' l4 f" '(n'I') III"J"M") (4 fN '(n'I') III"J"M" iDp'l i4 fnIII'J'M')
ill Mlle II

I 1 ~ k}= g(—1) ' (2)I. +1)
( + ) &

'f I' f ij(4flr In'I') (4fir '(n'I')
I

(flic lll)(IIIc llf)(f yJMIUptpq If yJM) (3.12)

Here U "' is a unit tensor operator. The third term of Eq. (3.13) can be treated similarly so that together the first
and third terms contribute

2 1

X ~ kt+k2+t Cq q (0, qI) (—1) ' (2)I. + 1):(kt, II)
( + )

l I

I}q2

x (f~IIIJMi U+ l f~III'J'M') (OpiM, (8) iOp, ')
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where

1 A. k1
:-(kt, ~) =2 g'

I
&4flrlrt'I') (4fl~ 'l~'I')(f Ill"'III') (I'IIC 'llf)/~(rt'I')

.
n'I'

(3.13)

Here h(n'I') is the average energy denominator for configuration n'I' Con. tributions from odd k terms cancel
between the first and third terms of Eq. (2.13) upon introduction of an average energy denominator.

While we could estimate the squared magnitude of the expression above for a specific g'eometry, averaging out
the dependence of the relative orientations of the ions allows a simpler expression to be derived. Written for di-
pole-dipole coupling, the contribution of the first and third terms to the square magnitude of Eq. (3.13) becomes

(10e4/3K~R'):-'(1, 2)1(ov IM"'(~) IOIL'
&

I'1&1"yj
I I

U"'I II'q 'J'& I'/(2J + 1)

where

1 2 1
:-(1,2) =2 $'l

I
'&4f Ir l~'I'&'(f Ill"'III'& (I'IIC"'llf&/~(~'I') .

n'I' t

(3.14)

In obtaining this expression, we have summed over the polarization index of the radiative dipole moment opera-

tor, summed over the components of the RE-ion's final-state manifold, and averaged over the components of the

R E-ion's initial-state manifold.
We derive approximate expressions for the squares of the second and fourth terms of Eq. (2.13) in the next

paragraphs. We assume that the OH ion has one most important electronic excited state similar to that observed

in the alkali halides although we realize that this may not be correct. We label this electronic excited state 1

below and estimate its contribution to the squared matrix element.
We expand Hqs to write the second term of Eq. (2.13) as follows:

2

$(lp, "IM"'(8)lop, ') $ —„„,c,,', ,2((0, &f&) &alD, ' (A)la')
K ~ ~ kk

(k2)
&& (0ILIMq I1IL. ')/(et„—ep„+An —5n) (3.15)

The part of the electric moment that depends on the nuclear coordinates does not contribute to matrix elements

of the type &op, lMt"tll p') because the electronic wave functions of the ground and excited states are orthogonal.

We write these matrix elements as the product of an electronic matrix element and a Franck-Condon factor;
r

—'&1IMttt(a)lo& $ „',„„c,t '(o, d)&alD, '(w)Ia'&&OIM ' (a)ll& $
K k1k2

i)2
p,

'
p, p. a a(et —ep +5 ~ —5 )

(3.16)

If the splitting of the OH -ion s excited-state vibra-

tional manifold is ignored, this expression is equal to
zero because the excited-state's vibrational wave

functions comprise a complete set and the ground-
state's vibrational wave functions are orthogonal,
Therefore, we approximate the sum of Franck-
Condon factors, so as to account for this cancellation
without ignoring the splitting, by placing the

I 10)
state at its energy level and by considering the
remaining states to be degenerate at the

I
1 1) level.

For p, =o and p, '=1 (p, =l and p, '=0 gives the same
result) this is done as follows:

g (OII "&(I "I1& g &OII "&(I "I1)
+1p,

" + '(-)a' ~a p,
" ~10 + ~a' ~a

s

x p,"5
0+ Sa' —Sa

The leading term of this expression vanishes. Furth-
er, because the product of Franck-Condon factors de-
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creases rapidly for increasing p.", it makes little
difference if we ignore the splitting of vibrational lev-
els with p,

" ) l. Then the closure relationship may
be used, i.e.,

excited states and expanded Hgg'.

&0~1M"'(8)10~")
ri~

—g &olv"
& &l,"I» = &olo

p,
"Wo

k)k2 R
g)g2

~ &ol~" &&a"I» ~ ~&0

~t~" + 5~' 5~ ~"~o (~to+ 5a' 5a)

&ol."IM,,
' (a) lol ') &01D,,

' (~) la')
x

go &t
—$0 i+ Q

(etp + 5~ —5~)
(3.1 7)

Here 5 is the spacing of the vibrational levels which

we have taken to be roughly equal for the ground
and excited OH electronic states.

The fourth term of Eq. (2.13) can be treated simi-

larly. For RE transition energies of 1 eV or more
and the assumed 6 e~ excited-state energy of the
OH ion, different energy denominators make it rea-
sonable to neglect the smaller of the second and

fourth terms with respect to the other. Therefore,
we consider the square of each separately. For tran-

sitions on the OH ion between the 100) and 101)
states, an approximate expression for the contribu-
tion of the larger of the second and fourth terms to
the square magnitude of (2.13), written for
quadrupole-dipole coupling, is

[2(k, +k,) jj!
"t+"2+' (2k, + I)!(2k, + I)!

x
I &0p IM"'(~) 1o2) I'I &021M (8) 10p, '&

I

I &4r"+J
I
ID'""(&)

I
I4f"y'J'& I'

x
2(2J+1)(Ep2 Ea '+5 5 )

(3.2o)

(3.19)

For transitions between the (00) and 101) states of
the OH ion, we consider only the p,

"=2 term in the
.sum over excited states because this should give the
dominant contribution assuming that the energy
denominator is nonzero for the other p,". With these
simplifications and approximations similar to those
we have made above, the squared contribution of the
fourth term is

(«0 —15.—5'I) '

1&4f"eJ I I
D"'(»114f"O'J'& I'

2J+1 (3.1 8)

In obtaining this expression, we have, as usual, aver-
aged over the relative orientations of the ions,
summed over the polarization index of the radiative
dipole mo)ment operator, averaged over the com-
ponents of the RE-ion's initial state, and summed
over the components of the RE-ion's final state,

The vibrational excited states of the OH ion in its
ground electronic state also contribute to the sums in
the second and fourth terms of Eq. (2.13). We
derive an approximate expression for the fourth term
so that we may show later that vibrational intermedi-
ate states are unimportant. [See Eq. (3.21).]

We write the fourth term of Eq. (2.13) as follows
where we have restricted the sum to the vibrational

The second term could be treated in much the same
way.

In the following subsections, we use Eqs. (3.14)
and (3.18) to estimate squared matrix elements for
the cooperative absorption and cooperative transfer
and emission processes and their inverses, In our es-
timates Eqs. (3.14) and (3.18) give the dominant
dipole-dipole and quadrupole-dipole contributions
respectively, to the squared matrix element. As we
have remarked previously, RE, OH pair separations
may be as small as about 2.5 A. At this separation
our dipole-dipole and quadrupole-dipole estimates are
of the same magnitude. We show that these do not
interfere as follows.

We discuss what cross terms have been neglected
to arrive at our approximate expressions. Squaring
Eq. (2.13) doubles the number of summation indices.
One could introduce the multipole expansion (3.3)
and average the square magnitude of Eq. (2.13) over
0 and C before separating into terms summed over
RE and OH excited states. The orthonormality rela-

tionship for the spherical harmonic in C«(8, 4)k)k2

causes those terms for which k) + k2 ~ k)'+ k2' to
vanish. Further we ignore cross terms for which

k) ~ k)' and k2 ~ k2' to arrive at our expressions.
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This means that after performing the averages over 0
and 4, cross terms between the dipole-dipole and
quadrupole-dipole terms vanish, so that here, there is

no interference between those contributions to the
squared matrix element which we believe are largest,
Now one could separate the resulting expression into
terms summed over RE and OH excited states,
neglecting cross terms, and proceed to our final ex-
pressions.

Here we find Eqs. (3.18) and (3.14) to give
squared radiative dipole matrix elements of the same
order of magnitude in spite of the fact that Eq. (3.18)
involves higher-order mulitpole coupling and that
there is cancellation of the greater part of the contri-
bution of the OH electronic state. This is so be-
cause the dipole matrix element for the OH stretch-
ing transition appearing in Eq. (3.14) is small com-
pared to matrix elements for electronic transitions.
The squared matrix element for the OH vibrational
transition is reduced from that of an electronic transi-
tion by the ratio of an electronic mass to the OH re-
duced mass. Further, an oscillator strength of
5 x 10 implies an oscillating effective charge of only
0.07 e. While there is not much one can do about
the large mass, the squared matrix element for the
OH stretching vibration in the bulk of liquid water

say, is about a factor of 100 greater than that we

have used. An increased OH vibrational matrix ele-
ment would allow Eq. (3.18) to be ignored as one
might have expected. As we have already stressed,
the matrix elements we have used are not generally
applicable for OH stretching vibration in all environ-
ments.

The contributions of coupling mechanisms other
than dipole-dipole for Eq. (3.14) and quadrupole-
dipole for Eq. (3.18) have been estimated for cases
where we thought they might be of importance. In
the systems we have investigated and in the frame-
work of the approximations we have made here other

coupling mechanisms give contributions reduced by a
factor of at least about 5 (usually more like 10) with
respect to those of Eqs. (3.14) and (3.18) for pair
separations of 2.5 A.

We discuss further details of the evaluation of Eqs,
(3.14) and (3.18). The first and third terms of Eq.
(2.13) are shown schematically in Fig. 2. In both
terms the excited configuration is connected to the 4 f
configuration by a radiative dipole moment matrix
element. Therefore, only the d and g excited confi-
gurations are considered. We estimate =(1,2) by

placing the Sd states at 6(5d) and by placing all

remaining d states including split shells at 6(6d).3o

These average energy denominators are estimated
from Dieke's diagram 2 of the relative positions of
the free ion configurations. The g states are all

placed at b(5g) where we linearly interpolate Judd's'6

estimate of the 5g energy denominator over the
series of RE ions and remove his correction for ions
in complexes by adding 10 cm ' to his reported en-
ergies. Radial matrix elements and reduced matrix
elements of tensor operators are estimated as in the
energy-transfer calcu lations.

In evaluating Eq. (3.18) we take oto to be 6 eV and
b, =3600 cm '. The oscillator strength of the uv ab-
sorption band of the OH ion in the alkali halides is

typically about 0.12," from which we estimate

I (OIM ' (B) I I) I
=0.8ao. The emission spectrum for

uv excitation at about 6 eV as observed by Patterson
and Kabler'2 in KBr:KOH shows bands corresponding
to transitions from an excited electronic state to the
vibrational levels of the ground electronic state. We
estimate roughly that

I (OIO) I
= I and

I (I IO) I'=0.1.
To finish this section, we compare the expression

derived for the .terms summed over OH excited vi-

bronic states to those derived for these same terms
summed over the OH excited vibrational states,
The ratio of Eq. (3.18) to Eq. (3.20), both written for
a quadrupole-dipole process, is

1&1 IM ' (a)
I 0& I'I (0 I 0& I'I (011)I'[~/(. „—

I g. —5. I) ']'
I
(021M"'(» I01 &

I'I &00IM'"(» I02) I'/(~o2 —ool ' 8 )'

(3.21)

We take 5 eV for the energy denominator on top and 0.5 e& for the energy denominator on the bottom. The
matrix element, I (00I Mt'~(8) I02) I2, is estimated as in the energy-transfer calculations from the observed area of
the first OH overtone band. We estimate this ratio, Eq. (3.21), to be about 10".

We also estimate the'ratio of Eqs. (3.18) to (3.20) with Eq. (3.18) written for quadrupole-dipole coupling and
Eq. (3.20) written for quadrupole-quadrupole coupling because the quadrupole moment matrix element of the
OH ion may give better coupling than the dipole moment matrix element for the I00) and I02) states. The ratio
1s

1(1IM"'(» I0& I'I (oIo) I'I &Ol» I'[&/(oto —Ig. —5 I)']'
(14/5R')

I &02 IM'"(»101& I'I &00 I
Mt2'(» I02& I'/(oo2 —oot + 8. —8.)' (3.22)
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We estimate ) &00(Mt l(8) (02) ~
as before from the

theoretical calculation of Cade. 4 We find the ratio
(3.22) to be about 102.

We find that we may neglect the sum over the vi-
brational excited states with respect to the sum over
the vibronic states even with the cancellation of the
greater part of the latter. Increased OH vibrational
matrix elements could make Eqs. (3.20) and (3.18)
of comparable magnitudes. However, in this case Eq.
(3.14) is also enhanced so that we believe that it is
unlikely that the contributions of vibrational excited
states could be of importance.

Cooperative absorption and simultaneous emission

and transfer for Tb +, OH ion pairs

We estimate the squared radiative dipole moment
matrix elements for- the cooperative absorption pro-
cess and the simultaneous emission and energy-
transfer process for a Tb3+, OH pair. The oscillator
strength or spontaneous emission probability is then
calculated for a nearest-neighbor pair and an estimate
is made of the ratio of emission band areas for a
two-center transition to that of the corresponding
electronic, Tb + transition. The Tb + states D4 and

FJ, J =2 to 6, are of particular interest, the D4 state
being about 20500 cm ' above the F6 ground state.

We consider first the following cooperative absorp-
tion process. Tb + and OH, initially in their ground
states, make simultaneous transitions 'F6 D4 and
00 01 by the absorption of a photon. The dipole-
dipole and quadrupole-dipole coupling contributions
to the squared radiative dipole moment matrix ele-
ment are 1.1 x 10 ' ass/~2R2 and 7.4 x 10 aat /K R
respectively from Eqs. (3.14) and (3,17). Here and
in the following the sources of radial matrix elements
and energy denominators are as given in the
paragraph preceding Eq. (3.21). We have used the
values

b (Sd) =0.8 x 10~ cm ', b, (5g) = '2.9 x 10' cm '

5(6d) =2.1 x10 cm, &4f~r~5d) =0.71ao

&4/ ] r')4/& =1.04a,',
and the reduced matrix element,

1&f"F611U"'l
l
f"D ) I'=6 6 x10 ',

as given by Kuboniwa and Hoshina.
We take R =2.5 A and ~~=10 (n =1.8) to esti-

mate the oscillator strength, f =3 & 10 ' from the
sum of the contributions to the squared matrix ele-
ment given above for simultaneous Tb3+(7F6 5D4)

and OH (00 —01) transitions using the following
equation:

/ = ~"
[ &aoo(D«&(~) +M«l(8) ~a'01) ~' (3.23)

3h

Here h~ is the energy of the absorbed light and m is
the electronic mass. A factor accounting for the de-
generacy of the initial state has already been included
in our expressions for the squared matrix element.

The cooperative absorption process could be detect-
ed by Tb3+(5D4) emission upon excitation of the
two-center band. We do not estimate the intensity of
emitted light because we expect Tb3+(5D~) to be
depopulated not only by radiative but also by radia-
tionless processes (especially the presence of OH ).
We can estimate the ratio of excitation band areas for
direct and two-center excitations however, because
the nonradiative decay rate will be the. same for both
excitations. (We ignore the fact that the OH ion is
excited in the two-center absorption process because
we expect it to dissipate its energy very quickly. ) We
consider a Tb + ion with one and just one OH
nearest neighbor and we neglect two-center absorp-
tion processes involving more distant OH ions. The
ratio of the areas of the excitation bands for direct
and two-center excitations will be given then by the
ratio of the transition rates for the direct and two-
center absorptions which, for equal intensity excita-
tions, is equal to the ratio of the oscillator strengths
divided by the transition energies. A typical oscillator
strength for a Tb +(7F6 5D4) transition4a is about
3 x 10 from which we estimate the ratio of emission
band areas to be 10 5. Although small, the coopera-
tive excitation may be detectable because excitation
in the absence of OH should be essentially zero.

Excited Tb+ may make a D4 'FJ, J'=0 to 6,
transition by the simultaneous emission of a photon
and energy transfer to a nearby OH ion which
makes a 00 01 transition. For Tb3+ final states
with J' =2 to 6 our treatment of this emission pro-
cess is much the same as that of the two-center ab-
sorption process we have just discussed. Transitions
involving J'=0, 1 final states are not discussed here
because these require a somewhat different treat-
ment involving weaker electric multipole coupling
than for J'=2 to 6.

The results for the Tb3+, OH emission and
transfer process are given in Table I. We have used
the reduced matrix elements of the unit tensor opera-
tor tabulated by Kuboniwa and Hoshina' and the
values of average energy denominators and radial
matrix elements given in the preceeding paragraphs
to evaluate Eqs. (3.14) and (3.18). The spontaneous
emission probability is calculated using the equation

4e GJ' "
x( &aoo(Dt»(a)+Mt'&(a)(a'01) (' (3.24)

3 Ac3

Here, h~ is the energy of the emitted photon and

,
'

n (n'+2)'. (We—have taken X = 5, «r
n =1.8.) As with the-oscillator strength, Eq. (3.23),
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a factor accounting for the degeneracy of the initial-
state level has been included in Eqs. (3.14) and
(3.18).

The ratio of quantum yields for a two-center emis-
sion process and the corresponding electronic RE em-
ission process is given hy the ratio of the spontane-
ous emission probabilities. This ratio for simultane-
ous Tb3+('D4-'F3) and OH (00 —01) transitions is

estimated to be 10 for a Tb + ion with one OH
Q

neighbor at R =2.5 A in a crystal with an index of
refraction of about n = 1.8. %e have estimated the
Tbj+(5D4 —7F3) spontaneous emission probability to
be about 30 sec ' from the Judd-Ofelt intensity
parameters and magnetic dipole emission probability
r'eported by Weber et al. 4' Again, this small intensity
should be measurable because in the absence of OH
there should be essentially no emission at 12 600
cm

We wish to stress that the experiments suggested
in this section and Sec. III 82 can be performed for
RE, OD pairs as well as RE, OH pairs. Substitu-
tion of OD for OH should shif t a two-center emis-
sion or absorption band by about 1000 cm ' because
of the difference in stretching energies. This shiA
should aid greatly in the identification of the effects
we propose,

2. Cooperative absorption, simultaneous emission and

transfer, and their inverses for Yb +, OH pairs

We estimate the squared radiative dipole moment
matrix elements for two-center absorption and emis-
sion processes involving Yb'+, OH -ion pairs. Oscil-
lator strengths or spontaneous emission probabilities
are calculated for a nearest-neighbor pair.

The excited Yb3+('F5r2) level is at an energy of
1 &&10 cm ' above the F7~2 ground-state level. Yb +

and OH, initially in their ground states, can absorb a

photon to make simultaneous F7/2 F5/2 and
00 —01 transitions. Using Eqs. (3.14) and (3.18) we

estimate the squared radiative dipole moment matrix

element for such a process to be 9.4 x 10 6(a&8/g& R )
and 2.7 x 10 (aJ /~ R ) for dipole-dipole and
quadrupole-dipole coupling respectively. We have
used the values

(4.fir lsd) =0.»1~a, (4.f1 "I4f) =0-691~a'

( )=.o o' ' ( )=.
A(5g) =3.2 && 105 cm '

Our expressions (3.14) and (3.18) are cast in a

form such that other two-center optical processes in-

volving the spme levels have the same estimate of
the squared radiative dipole moment matrix element
as that for cooperative absorption if corrected by a
factor to account for the reversed roles of initial and

0
final states in emission processes. We take R =2.5 A

and K2 =10 to estimate oscillator strengths and spon-
taneous emission probabilities from the sum of the
dipole-dipole and quadrupole-dipole contributions.
The oscillator strength for the cooperative absorption
process is estimated to be f =8 && 10 '2. We have
used Eq. (3.23) with h'co=13600 cm ', the sum of
the Yb3+ and OH transition energies. The same es-
timate for the squared matrix element is used to cal-
culate the oscillator strength of the process in which
Yb +, initially in its ground state, is excited to its

F5~2 state by simultaneous photon absorption and
energy transfer from an excited OH ion. The ener-
gy of the absorbed photon, h~ =6400 cm ', is that of
the Yb + transition less the energy of the OH
stretching excitation. We have used Eq. (3.23) to
calculate f =4 && 10 '2 for this process.

For emission processes the squared matrix element
given above is multiplied by (21'+1)/(21 +1) (6 for

Yb +). An excited Yb + ion and an OH ion in its
ground state can make simultaneous F5~2- F7~2 and
00 01 transitions, emitting a photon. For this
simultaneous emission and transfer process we esti-
mate A =7 x 10 4 sec '. We have used Eq. (3.24)

TABLE I. Energies, matrix elements, and spontaneous emission probabilities for simultaneous
Tb +( D4 Fg) and OH (00 01) transitions.

Acd

(103 cm ')
Afor R=25A

and K2=10
(10 3 sec ')

16.9
14.9
13.6
12.6
12.0

1.5
34
0.78
6.3
2.1

0.66
15
0.34
2.7
0.90

0.2
3
0.05
0.3
0.1
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with the energy of the emitted photon, h~ = 6400
cm ', and X = 5. If Yb + and OH are both excited
initially then a cooperative luminescence process is
possible with light being emitted at hem=13600 cm '.
We estimate A =7 x 10 3 sec ' for this process. Ex-
periments involving OH ions in vibrationally excited
initial states, such as the cooperative luminescence
experiment suggested here, would require intense ex-
citation at 3600 cm ' to maintain a high population of
excited OH .

IV. CONCLUSION

In this. paper we have taken the point of view used
to explain effects involving RE-ion pairs to discuss
effects involving RE, OH pairs and to estimate the
strength of these effects for several specific transi-
tions. While we have used parameters which
describe RE and OH impurities in specific crystals,
we expect these effects to be observable in a wide
range of materials including glasses and liquids.
Further, similar effects may be observed with other
centers which have high-energy vibrational modes.
In the following paragraphs we make further com-
ments about possible experiments involving the ener-
gy-transfer and two-center transition processes we
have proposed,

We have estimated the rate of energy transfer to
OH to be several orders of magnitude larger than
the radiative decay rates of RE excited states, even
for only fair overlap of RE and OH transition ener-
gies. We expect therefore, energy-transfer processes
involving dilute concentrations of OH to be easy to
observe but perhaps not always easy to characterize
unambiguously. Several luminescence quenching
processes involving centers with internal vibrational
modes are possible; for example there are processes
involving direct transfer to the fundamental mode or
to overtone modes and phonon-assisted process, It
may not be easy to add a dilute concentration of OH
or OD to a RE-doped material and identify the
mechanisms by which particular levels are depopulat-
ed and luminescence quenched simply by the con-
sideration of energy matching for the RE and OH
(or OD ) transitions (as we have proposed for Er3+,
OH pairs). These are, of course, only possibie pit-
falls. Crystals containing dilute concentrations of
trivalent RE ions and OH ions have not been stu-
died previously-to the knowledge of the authors
although in glasses doped with RE ions, the problem
seems to be getting OH out, not in. " An experi-
ment in which the lifetimes of the excited states of
say Er + were measured, perhaps in a glass in which
Er + luminescence is observed in the absence of
OH, and with dilute concentrations of OH or OD
added would surely be of interest.

Riseberg and Weber, 2 as an example of how relax-
ation phenomena may be used in laser design, dis-

cuss how the Tb "(5D&) level is populated by optical
pumping of levels above D3 and how a concentration
quenching mechanism allows the 'D3 to 'D4 gap to be
bridged in a laser made by Jensen et al. 42 We re-
mark that a dilute concentration of OH or OD ad-
ded to a material including Tb + and without high-
energy lattice modes would bridge the D3 to D4 by
energy transfer to OH or OD . The D4 Fq tran-
sitions would be affected less by the addition of OH
or OD because a larger number of stretching quanta
are needed to bridge this gap.

The two-center optical transition probabilities we
have calculated for nearest-neighbor RE, OH pairs
may be compared to those calculated by Kushida
for nearest-neighbor RE pairs. For a cooperative ab-
sorption process involving a pair of Yb3+ ions at
nearest-neighbor sites, Kushida has estimated an os-
cillator strength of f =1 x 10 ". For a pair ot' excit-
ed Yb3+ ions, he has estimated the spontaneous em-
ission probability for a cooperative luminescence pro-
cess to be A =2.6 x10 sec '. For both processes,
dipole-quadrupole and quadrupole-dipole coupling
provide the dominant interaction mechanism. For a
nearest-neighbor Yb +, OH pair we have estimated
f =g x 10 '2 and A =7 x 10 sec ' for cooperative
absorption and cooperative luminescence processes
respectively. Although these differ by only a small
factor from Kushida's estimates for these processes
involving an Yb3+ pair, differences in the method of
calculation should be noted. We have included a fac-
tor 1/K =0.1 in our estimates of squared matrix ele-
ments to account for the screening of the Coulomb
interaction in a dielectric medium. While we include
this factor for nearest-neighbor ion pairs, we note
that perhaps it does not belong for such small separa-
tions. Kushida has not included such a factor in his
estimates and if we were to ignore it also, our esti-
mates of transition probabilities should be larger than
those of Kushida by a factor of about 3 to 10.

In the consideration of RE, OH pairs and vibra-
tional excitations of the OH ion, intermediate states
of the OH ion have required a treatment different
from that for the RE ion. For the purpose of making
an order-of-magnitude estimate of the contribution of
OH intermediate states to transition probabilities for
cooperative optical processes, we have neglected all
but the lowest-lying electronic excited state of the
OH ion and its vibrational manifold and have taken
this state to be characterized by what is observed for
OH impurities in alkali-halide hosts. A comparison
of our results with those of Kushida should not be
taken too seriously because different approximations
involving a different (vibronic) type of excited state
have been made and found to be important.

Further, awhile the transition probabilities we
predict are of about the same size as those estimated
by Kushida, this circumstance alone does not deter-
mine that a process involving a RE, OH pair can be
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observed as easily as a process involving a RE-ion
pair for the following reasons. The presence of OH
tends to quench the RE luminescence one might
hope to observe. It might be difficult to observe
luminescence associated with a two-center optical
process in, say, Pr + where the energies of only one
or two OH stretching quanta separate electronic lev-
els. Further, because we expect the lifetimes of the
vibrational OH excited state to be small compared
to RE excited-state lifetimes of milliseconds, effects
in which OH need be populated initially will be more
difficult to observe than the corresponding eff'ects in-

volving RE-ion pairs. Up-conversion processes in-

volving RE, OH ion pairs, while possible, would be
relatively inefficient. Operationally it is usually
perhaps more significant to consider the OH ion as
an energy sink. We remark here that up-conversion
processes could perhaps be observed if the OH ion
were pumped with, say, an infrared laser.

As mentioned in the Introduction, straightforward
experiments involving crystals which have already
been studied, namely the h)drated RE salts and the
RE trihydroxides, could be done to observe the two-
center optical transitions we have proposed. The
large gap, RE transitions Gd +( P7/p S7/2),
Tb'+('D4 'F/), and Eu3+('Do —'F/) are of particu-
lar interest because the excited states are not depopu-
lated by nonradiative processes as quickly as for tran-
sitions involving smaller RE excitation energies so
that the effects we propose might have appreciable
quantum yields. Further, dilute concentrations of
D20 or OD could be introduced in crystals made with

H20 or OH and vice versa, so that the interactions of
dynamically decoupled OD or OH oscillators with RE
ions could be studied.

We believe experiments involving Tb3+ would be
simplest because excitation energies of interest are in

the visible or near ultraviolet and the luminescence
to be detected is in the visible. The gaps above and
below Tb3+('D4) aid further the observation of the
effects we propose. Two-center optical transitions
give rise to much weaker absorption and emission
bands than those normally observed for electronic
RE transitions and therefore, a two-center band must
be well separated from purely electronic bands if it is
not to be masked. Estimates oII the emitted intensity
associated with two-center transitions compared to
that associated with electronic RE transitions such as
we have made for Tb3+ should be helpful in deciding
whether specific experiments are feasible.

The study of the optical properties of RE ions in a
variety of systems has provided a probe of the local
structure of the ion's environment. Some techniques
exploit the luminescence quenching process involving
OH. For example, the luminescence of trivalent
lanthanides which have been added to biological sys-
tems has been of recent interest. One idea of Hor-
rocks e1 al. 44 has been to measure the luminescence

decay constant of a RE ion which is bonded to a ma-
cromolecule thereby extracting information about the
RE-ion's environment. As a preliminary experiment,
they have determined the number of water molecules
surrounding a RE ion in several solutions. The tech-
niques of luminescence spectroscopy, as a probe of
the structure of oxidic catalysts has recently been re-
viewed by Pott and Stork. ~' One idea discussed in-

volves determining whether metal ions are on the
surface or in the bulk of an oxidic system by whether
they are coordinated to OH ions as determined by

luminescence quenching.
The two-center optical transitions we have pro-

posed provide the possibility of observing spectral
structure associated with specific. intramolecular vi-

brational modes of centers near RE ions. This pro-
vides a very powerful probe of the RE-ion's environ-
ment. With the observation of RE, OH pair transi-
tions not only is it possible to identify OH as a near
neighbor of the RE ion unambiguously, one can also
measure the spectrum of the OH stretching vibra-
tion for OH ions in the immediate neighborhood of
the RE ion. In experiments involving the spectra of
RE ions in aqueous solution, motivated by this
work, information has been extracted about the na-

ture of the hydrogen bonding between solvation
shells of RE ions from the measurement of the OH
stretching energy for water molecules in the first sol-
vation shell of the RE ion.

The lineshape of the two-center band associated
with a RE parent state J would be the convolution of
the RE band's J J' lineshape and the OH band's
lineshape if all RE sublevels were degenerate. In the
theory we have developed, we have ignored the de-
tails of the structure of the bands arising from RE
transitions J J'. Therefore, for RE transitions with
obvious structure, it will not be possible to determine
the details of the OH band's lineshape from a meas-
urement of the two-center band's lineshape unless
the OH band is much broader than the RE band.
For some transitions of interest this may be the case
so that the OH band's lineshape, for those OH ions
near RE ions, may be extracted from the lineshape of
two-center bands.

Subsequent to the preparation of this manuscipt we
have been informed of a paper by Sierro in which
OH impurities are believed to occupy Gd + nearest-
neighbor sites in CaF2. In the ESR spectrum of Gd +

lines are observed and assigned to Gd'+ at sites for
which the crystalline field symmetry has been altered
by the substitution of OH for F . Other more re-
cent ESR studies of RE ions with OH nearest neigh-
bors are cited by Heist, Unfortunately these au-
thors do not include information about the infrared
or ultraviolet spectra of the OH ion.

We have also become aware of work4~ in which
vibronic bands involving RE ions and H20 molecul s

have been observed.
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