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Bottleneck in multiphonon nonradiative transitions
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The nonradiative decay process of rare-earth ions in solids has been considered up to now to be independent
of excitation intensity. In this paper we show that the multiphonon nonradiative decay probabilities of rare-
earth ions in a germanate glass are reduced at high excitation state densities for the larger energy gaps. The
classical exponential energy gap law is shown to ‘‘rotate’’ at higher excitation around the 3.2-phonon point.
The observed effect is described in terms of a spatial saturation of the accepting mode term with an effective
diffusion length ranging between 45 and 20 Å for excited state density from 231017 to 831018 cm23 at an
active ion concentration of 2.531019 cm23. @S0163-1829~97!05518-5#
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As well known for many years, the multiphonon nonrad
ative decay of transition metals~TM’s! and rare-earth~RE!
ions can be described by two types of approaches: ei
through anNth-order development of the dynamic cryst
field at the ion site,1–4 which would apply to the quasizer
electron-phonon Huang-Rhys coupling parameter (S0), or
through the use of the nonadiabatic Hamiltonian, in
Condon4–7 or non-Condon8 approach, which rather corre
sponds to nonzeroS0 . Both methods were compared man
years ago.4,7 The second type of approach shows that a n
radiative transition can be described besides an electr
matrix element, by the product of two terms: a ‘‘promotin
mode’’ term usually considered as a scaling factor exp
mentally determined and an ‘‘accepting mode’’ term.4,7,8 It
was shown that the accepting mode term can be given
statistical way whatever the details of the physical approa4

Recently, a theory attempted to reconcile both methods9,10

in fact expressing the promoting term through the dynam
crystal field including nonlinear terms.

All the above theories have in common that they consi
each ion as individually coupled to an effective mode of
phonon distribution density of states. This, even though n
linear coupling terms have been introduced,9 provides non-
radiative decay probabilities which are excitation density
dependent.

In this paper, we present an experimental demonstra
and theoretical hypothesis for an intensity-dependent bo
neck effect in multiphonon nonradiative relaxation rat
here, as an example we shall present the results for E31,
Tm31, and Nd31 excited states in a germanate glass. T
concentration of RE ions has been kept to a rather low le
~0.2% in weight, i.e., 2.531019 cm23! in order to avoid any
important up-conversion effect by energy transfer11 which
could reduce the lifetimes measured at high excitation int
sity. The determination of the nonradiative probability
based on a comparison between radiative decays and ex
mental lifetimes.3 As in Ref. 3, pulsed emission, here of 7 n
duration, from a Nd-YAG laser with frequency doubling
used as well as pulsed Ti-sapphire laser emissions in ord
reach, by focusing, a maximum of 15 J/cm2 of incident ex-
citation. The glass host has the same composition in we
550163-1829/97/55~17!/11006~4!/$10.00
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percentage: GeO2 66%, K2O 17%, and BaO 17% as in Re
12. The highest phonon frequency (\vM) for such a glass is
at about 900 cm21.12

Experimentally, it is well known that nonradiative relax
ation rates of RE ions behave exponentially with the ene
gap separating the considered excited state from the
lower electronic state.3,13 This behavior is linked to the ac
cepting modes term.4,7 Taking into account some of the pro
moting mode features shows that the electronic gap sho
be reduced by about 2.6\vM ,

3,14 where\vM is the highest
phonon energy of the considered host material. The so-ca
energy gap law for the nonradiative transitionWnr is then
written

Wnr5W0exp@2a~DE22.6\vM !#, ~1!

whereDE is the energy gap to the next lower level anda is
given by

a5\vM
21F lnS N

S0~ n̄11! D21G , ~2!

whereN is the multiphonon order,S0 the Huang-Rhys cou-
pling parameter at 0 K, andn̄ the phonon occupation numbe
at temperatureT. The experimental nonradiative decay pro
abilities (Wnr) have been determined by the usual metho3

that is by measuring experimental decays~t! from directly
excited levels of the considered RE ion and calculating
radiative ones (t0) from absorption measurements and app
cation of Judd’s theory.15 The nonradiative decay probabilit
is given by

Wnr5t212t0
21. ~3!

As an example, the general behavior observed for nonra
tive decay rates versus excitation density forDE.3\vM
~DE given in terms of the multiphonon orderN! is presented
in Fig. 1. The excited ions density has been calculated fr
the incident excitation density, the concentration of the r
earth and the absorption cross sections of the transition
decrease by a factor of 5 in the nonradiative probability fro
level 4F3/2 of Nd

31 is clearly observed, with a saturation i
the decrease reflecting the absorption saturation
11 006 © 1997 The American Physical Society



is
n

i
i-
n-

ap
d

in
e
c

te
e
h
xi
ry

xci-
ly
we
ted
is,
rate
h-
ted
-

es-
on
f
, an
sed

we
ac-
r of
ical
o-

in

ri-

ch
g

the
an
an

uc-
the
tion
at

mi

,

he

re

ul

d

55 11 007BRIEF REPORTS
1.2531019 cm23. The quantum efficiency for this state
found to increase from 92% to 98% within our excitatio
range. The results obtained for Er31, Tm31, and Nd31 are
given in Fig. 2, which shows that the exponential gap law
followed with ana parameter~here the slope on the sem
logarithmic plot!, increasing with the absorbed excitation i
tensity, i.e., with the excited ions density (Ne). Interestingly,
the nonradiative decay is independent of excitation for g
corresponding to 3.2\vM ; this value is about the predicte
2.6\vM one for the promoting mode contribution4 found in
Eq. ~1!; below this value, the nonradiative decay rate
creases. It can be noted that the scattering of the experim
tal points because of the excitation normalized plot is mu
reduced in comparison with unnormalized ones.3 The ob-
served increase for thea parameter of the studied germana
glass for room-temperature experiments is a general tr
since a systematic study, to be published elsewhere,
show it for glasses with different compositions and ma
mum phonon frequencies. This demonstrates that contra

FIG. 1. Nonradiative decay probability (Wnr) of the
4F3/2 level

of Nd31~2.531019 cm23! in a germanate glass at room temperatu
versus excited state density (Ne).

FIG. 2. Variation of the exponential gap law versus the m
tiphonon order N, for three excitation densities:~j! Ne

51017 cm23 ( l c554 Å), ~d! Ne5431018 cm23 ( l c522 Å), and
~l! Ne51019 cm23 ( l c520 Å), solid lines are the fits obtaine
from Eq. ~8!.
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what has been believed up to now, one should specify e
tation levels in ana parameter determination, especial
when high peak excitation powers are used. However,
think that some part of this discrepancy can still be attribu
to thet0 determination as pointed out in Ref. 3. Besides th
our observed decrease in the nonradiative relaxation
with increasing pump intensity could explain why the thres
old can be reached in the laser effect observation in hydra
neodymium chloride powder,16 which has the very low quan
tum efficiency of 1024.

To our knowledge, there has been no experimental inv
tigation of the influence of excitation density on multiphon
nonradiative decay.7 The existing theoretical consideration o
an intensity dependence would predict, on the opposite
increase of the nonradiative decay rate through a propo
‘‘supernonradiant’’ effect.17

In order to explain our experimental observations,
shall consider a microscopic process, involving only the
cepting term readily described by the energetical behavio
experiments and which is known to bear a simple statist
meaning: This term leads to the usually observed ‘‘exp
nential gap law’’ given by Eq.~1!,7 which is a reasonable
approximation of the statistical term for accepting modes
the weak electron-phonon coupling approximation.4 This ap-
proach is justified by the observed ‘‘rotation’’ of the expe
mental curves of Fig. 2 around the pointN53.2. It shows
that the promoting term, as given here by theN53.2 ordi-
nate, is not modified by the excitation intensity, and ea
excited ion then individually contributes to the promotin
term.

We propose that the observed mechanism is based on
possibility that once an ion has given up its energy to
effective accepting mode, another excited ion nearby finds
already partially filled accepting term which leads to a red
tion of the nonradiative decay rate for this ion. Because
number of nearby excited ions depends on the excita
density, the nonradiative decay rate is in turn reduced
higher excitation level.

The nonradiative decay probability, as given by the Fer
golden rule, can be written4

Wnr5
2p

\
u^ i uH intu j &u2RNd~Ej2Ei !, ~4!

whereRNd(Ej2Ei), given by the accepting modes term
represents the final density of states;RN is the function first
derived by Huang and Rhys:18

RN5exp@2~2n̄11!S0#S n̄11

n̄ D N/2I N„2S0An̄~ n̄11!…,

~5!

where I N is the Bessel function of orderN with imaginary
argumentn̄, the phonon occupation number. Including t
promoting term, it has been shown5,4,8 that in the RE weak-
coupling case (N@S0), Eq. ~5! has to be replaced by

R85e2S0~2 n̄11!
S0
N

N! SNp

S0
D 2~ n̄11!N, ~6!

whereNp stands for promoting modes.

-
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Except for the promoting factor (Np /S0)
2, the other fac-

tor ~the accepting mode part! of this formula can be also
derived by combinatorial analysis,4 showing that it only has
a statistical content. Using Stirling’s approximation, theN!
produces the exponential gap behaviour of Eq.~1!. The fol-
lowing meaning can be given to the accepting factor in E
~6!:4 It represents the probability to fill simultaneouslyN of
the possible accepting modes of the host from the electr
energy of one ion. Now, if instead of one ion an average
x̄ other ions simultaneously contribute to the filling of th
common accepting mode set shared with the first consid
ion, the filling of the accepting modes shall proceed by
1 x̄)N at a time instead ofN. Herex̄ is related to the excited
state densityNe by

x̄5Nev1~12e2Nev l !, ~7!

wherev l54p l c
3/3 is the volume for phonon diffusion, com

mon at least to two nearby excited ions, andl c is the phonon
diffusion length. x̄ represents the probability that a give
excited ion can share with another excited ion a comm
sphere of radiusl c . The effect can be described by simp
substitutingN by (11 x̄)N in Eq. ~6! only for the accepting
term and not for the promoting one, assuming them to s
localized. One obtains

Wnr5W0e
2S0~2 n̄11!~ n̄11!~11 x̄ !N

S0
@~11 x̄!N#! SNp

S0
D 2.

~8!

Fitting with l c as a free parameter, one obtains the solid lin
in Fig. 2, in rather good agreement with the experimen
points. It shows that Eq.~8! is equivalent to the exponentia
gap law with ana parameter increasing with excitation de
sity. The l c calculated values are plotted in Fig. 3. The d
fusion length is found to decrease with excitation dens
down to a saturation value corresponding roughly to the lo
frequency acoustic phonon diffusion length of 29 Å, whi
we have determined from a specific heat estimation
0.445 cal/cm3 deg, a heat capacity of 1.6431023

cal/cm deg s,19 and an acoustic velocity of 3.853105

cm/s for a germanate glass,20 l c being derived from the clas
sical formula for the low-frequency phonon diffusio
length:21

l c5
3Kc

Vscp
, ~9!

whereKc is the heat capacity,cp the specific heat, andVs the
sound velocity.

This shows that the crude one-effective-mode model
nonradiative relaxation rates describes rather well the wh
.
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process including the energy dissipation from t
900-cm21 effective mode towards lower-energy modes. Th
can be understood in the following way: Since the low
energy modes are connected with the larger diffus
lengths, the bottleneck we observe contains the slowest
in the energy dissipation. It may take place between the h
energy modes ruling the multiphonon process and the low
energy ones providing the final heating process. This
type of bottleneck is well documented22 in connection with
spin-lattice relaxation and is included here through our eff
tive l c .

Concluding, we have observed and described theoretic
a bottleneck in multiphonon nonradiative decay rates for
excited state density above 131018 cm23 in a doped ger-
manate glass. Because our approach is statistic, it allows
to predict that such an effect should be very general
could be observed for other multiphonon effects4 which can
be described by accepting mode terms like Eq.~5!. It means
that this effect could as well be observed in multiphon
sidebands, multiphonon-assisted energy transfers, and
tiphonon infrared absorption. It also gives hints for obtaini
laser effects from otherwise nonradiative transitions15 pro-
vided the excitation density is sufficient to allow the co
pling between ions through a common phonon diffusion v
ume.

We would like to thank Philippe Goldner for fruitful dis
cussions, Denise Morin for preparing the glass samples,
Nicole Gardant for technical help in the spectroscopy.

FIG. 3. Phonon diffusion length (l c) versus excitation density
(Ne) derived from nonradiative fits; the value independently d
rived from sound velocity and thermal properties is given by
horizontal line.
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