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Resonant and phonon-assisted excitation energy transfer in theR1 line of †Cr „ox… 3‡
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In resonant fluorescence line narrowing~FLN! experiments in theR1 transition of the@Cr~ox!3#32 chro-
mophore in@Ru~bpy!3#@NaAl:Cr~1%!~ox!3# and@Rh~bpy!3#@NaCr~ox!3]ClO4 multiline spectra are observed at
1.8 K, ~ox5oxalate, bpy52,2’-bipyridine!. For @Rh~bpy!3#@NaCr~ox!3#ClO4 the number of lines and their
relative intensities depend critically upon the excitation wavelength within the inhomogeneous distribution,
and in time-resolved FLN experiments additionally upon the delay. This behavior is clear evidence for a
resonant energy-transfer process. At 4.2 K the more common phonon-assisted process becomes dominant,
manifesting itself as spectral diffusion.@S0163-1829~96!04746-7#
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I. INTRODUCTION

Excitation energy transfer between identical ch
mophores in solids containing transition-metal ions has b
the subject of a large number of studies.1,2 In particular en-
ergy migration within the electronic origin of the low-energ
component of the2E state of Cr31 doped into Al2O3
~ruby!, the so-called R1 line, has been extensivel
discussed.1 Fluorescence line narrowing~FLN! experiments
at 10 K on Al2O3:Cr31~0.9%! performed by Selzer and
co-workers3,4 indicate that single ion to single ion energ
transfer proceeds mainly via spectral diffusion and is thu
phonon-assisted process, showing a typical linear dep
dence of the transfer rate with temperature.5 Somewhat later
Chu et al.6 and Jessop and Szabo7 succeeded in observin
slow resonant single-ion energy transfer based on elec
field experiments. The transfer times on the millisecond ti
scale were found to be compatible with a dipole-dipo
mechanism. However, this pertains to resonant energy tr
fer from Cr31 ions on the one sublattice to Cr31 ions on the
other. Duval and Monteil8 maintain that within one sublattic
resonant energy transfer is rapid based on uniaxial stress
periments. In addition to experiments on ruby, oth
Cr31-doped systems have been investigated,9 but in no in-
stance was there any clear cut evidence for a fast reso
process.

In a preliminary report10 evidence for such a resona
process in the three-dimensional network struct
@Rh~bpy! 3#@NaCr~ox! 3#ClO4 ~ox5oxalate, bpy5
2,28-bipyridine! was presented. The compound crystalliz
in the cubic space groupP213,11 with the @Cr~ox! 3] 32 units
havingC3 point symmetry. The basic spectroscopic behav
is identical to the one of the large number of octahedra
coordinated and trigonally distorted Cr31 chromophores12,13

studied to date, with a comparatively large splitting of t
lowest excited2E state, and a small zero-field splitting of th
4A2 ground state which is usually obscured by the inhom
540163-1829/96/54~22!/15800~8!/$10.00
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geneous width of theR lines. The present paper is a fu
account of our studies of excitation energy transfer
@Rh~bpy! 3#@NaCr~ox! 3#ClO4. Time-resolved FLN tech-
niques allow for a clear distinction between the more co
mon phonon-assisted process and the resonant process

II. EXPERIMENT

The two compounds@Ru~bpy! 3#@NaAl:Cr~1%!~ox! 3# and
@Rh~bpy! 3#@NaCr~ox! 3#ClO4 were prepared as described
Refs. 14 and 11. Spectroscopic measurements were
formed on a single crystal~1 mm edge! of the former and
polycrystalline samples of the latter.

Broadband luminescence spectra were obtained by e
ing with a He-Ne laser at 543 nm~Polytec PL 405 GR!. For
fluorescence line narrowing experiments a Ti:sapphire la
~Schwartz Electro Optics! was used, pumped by an argon-io
laser~Spectra Physics 2045-15/4S!. Equipped with an e´talon,
the laser linewidth was<0.02 cm21. The luminescence wa
dispersed by a 3/4 m double monochromator~Spex 1402!. A
cooled photomultiplier~RCA-C31034! was used as detecto
and the signal was processed by a gated photon coun
system~Standford Research 400!. In the FLN spectra the
experimental resolution is limited by the monochroma
~0.3 cm21, 15 mm slits!. In the resonant FLN experiment
the exciting laser beam and the resulting luminescence w
both passed through the same chopper blade, but wi
phase shift of 180 ° in order to avoid laser light reaching
photomultiplier tube.15

For time-resolved measurements a photoelastic modul
~Coherent 305! was used in addition to the mechanical cho
per in order to produce laser pulses of;124 ms. The time-
resolved luminescence was recorded using the gated ph
counting system at fixed delays for full spectra and a mu
channel scaler~Standford Research 403! for decay curves.

Highly resolved FLN spectra were obtained using a sin
frequency dye laser and a scanning plane parallel Fa
15 800 © 1996 The American Physical Society
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54 15 801RESONANT AND PHONON-ASSISTED EXCITATION . . .
Pérot interferometer ~Burleigh RC-110! described else-
where.10,15

For excitation spectra the Ti:sapphire laser was scan
using an inchworm controller~Burleigh PZ 500-1! without
the étalon, and the wavelength was monitored with
wavemeter~Burleigh Jr!. Sample temperatures between 1
and 4.2 K were achieved in a pumped He bath cryostat~Ox-
ford Instruments MD 4!. Model calculations for the energy
transfer processes, in particular solving a set of coupled
ferential equations numerically, were performed using
ACSL ~Ref. 16! subroutine package.

III. RESULTS

A. Luminescence and excitation spectra

Upon excitation at 18 416 cm21 ~543 nm!, that is into the
4T2 absorption band of the@Cr~ox! 3] 32 chromophore in
both the diluted@Ru~bpy! 3#@NaAl:Cr~1%!~ox! 3# system as
well as in the neat@Rh~bpy! 3#@NaCr~ox! 3#ClO4, sharp line
luminescence assigned to the2E→4A2 transition is
observed.17,11 The splitting of the2E state is 13.2 cm21 for
the latter and 14.9 cm21 for the former.

Figure 1 shows the luminescence spectrum for ex
tation at 543 nm of a single crystal o
@Ru~bpy! 3#@NaAl:Cr~1%!~ox! 3] in the region of the lower-
energy electronic origin of the2E→4A2 transition (R1 line!
at 1.8 K. The line shape is close to Gaussian centere
14 399.3 cm21, with a full width at half maximum of;4
cm21. With a spectral resolution of 0.3 cm21 the latter
value thus corresponds to the inhomogeneous widthG inh of
the transition.

Spectrum~a! in Fig. 2 shows the corresponding lumine
cence at 1.8 K for a microcrystalline sample
@Rh~bpy! 3#@NaCr~ox! 3#ClO4. In luminescence, the maxi
mum of the R1 line of the neat material is at 14 396.
cm21. For the excitation spectrum, spectrum~b! in Fig. 2,
the luminescence was detected nonselectively in a vi

FIG. 1. Luminescence spectra in the region of theR1 line of
@Ru~bpy!3#@NaAl:Cr~1%!~ox!3# at 1.8 K. (— — — —) Excitation
into the 4A2→4T2 transition at 543 nm,G inh54 cm21; ( )
resonant FLN spectrum using the Fabry-Pe´rot interferometer at 100
GHz free spectral range, zero-field splitting of the4A2 ground state
D51.3 cm21; (- - - -) instrumental response. Inset: resonant li
of the FLN spectrum at 3 GHz free spectral range. ( ) Experi-
mental; (• • • •) Lorentzian fit, Ghom50.012 cm21 ~360 MHz!;
( – – – – – ) instrumental response.
ed
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tional side band at 14 368 cm21 using a comparatively large
bandwidth of 2 cm21. As for the luminescence, an approx
mately Gaussian line shape with an inhomogeneous w
G inh of 4.4 cm21 is observed. This is slightly larger than th
3.8 cm21 observed in luminescence, and with 14 398
cm21 the maximum is shifted towards higher energies
1.7 cm21 with respect to the luminescence.

B. Resonant fluorescence line narrowing„FLN …

The zero-field splitting of the4A2 ground state,D, is
smaller than the inhomogeneous line widthG inh and is not
resolved in the above spectra. In such a case, a resonant
spectrum of theR1 line of Cr31 characteristically consists o
three lines: the central, resonant line, and satellites
6D.1,15,18 The relative intensities of the three lines depe
upon the sample temperature, the relative transition pr
abilities of the two overlapping transitions, and upon the e
citation wavelength within the inhomogeneous distributio
In the doped system@Ru~bpy! 3#@NaAl:Cr~1%!~ox! 3# these
expectations are met~see Fig. 1! and the observed splitting
gives a value forD of 1.3 cm21. The ratio of the intensities
of the satellites at2D and 1D of 1:0.35 conforms to a
Boltzmann distribution between the zero-field components
the 4A2 ground state at 1.8 K. From the relative intensity
the satellites to the central line, a ratio for the radiative tra
sition probabilities between the two ground-state levels a
the lower-energy level of the2E state of 2.8:1 can be ex
tracted. Furthermore, using a single-frequency dye laser
a Fabry-Pe´rot interferometer,15 the homogeneous linewidth
of the R1 line, Ghom, is found to be;0.012 cm21 ~360
MHz! at 1.8 K ~inset Fig. 1!.

The resonant FLN spectra at 1.8 K of ne
@Rh~bpy! 3#@NaCr~ox! 3#ClO4 shown in Fig. 3 consist of

FIG. 2. ~a! Luminescence spectrum o
@Rh~bpy!3#@NaCr~ox!)3#ClO4 in the region of theR1 line at 1.8 K
upon nonselective excitation at 543 nm.~b! Excitation spectrum at
1.8 K, monitored at 14 368 cm21 ( ), and best fit with Gauss-
ian distribution for the excited state, a ground-state zero-field sp
ting D of 1.3 cm21 and relative oscillator strengths for the tw
components of 2.8:1 as determined for the diluted system.
maximum is close to the high-energy component of theR1 line,
ña .
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15 802 54VON ARX, HAUSER, RIESEN, PELLAUX, AND DECURTINS
many more lines than the simple three-line spectrum. T
spacing between adjacent lines is 1.3 cm21 throughout the
spectrum, that is, equal toD, but the number of lines ob
served and their relative intensities depend critically up
the excitation energyñex relative to the maximum of the
R1 line in the excitation spectrumña . Only for excitation at
the low-energy edge of the inhomogeneous distribution d
the spectrum resemble the three-line spectrum observed
the diluted compound, for which the resonant line is alwa
the most intense. Excitation more at the center of the dis
bution results in additional lines both at higher and low
energies, but with a bias towards those at lower energ
Furthermore, in contrast to the diluted compound, the re
nant line is not always the most intense.

C. Temperature dependence

In Fig. 4 the steady-state FLN spectra obtained at te
peratures between 1.8 and 4.2 K are presented for an ex
tion wavelength on the high-energy side of the excitat
maximum. The multiline patterns at 1.8 and 2.4 K are ve
similar, with only a hint of an additional background at 2
K. Above 2.4 K this background grows strongly with in
creasing temperature. However, the intensity ratios of
sharp lines are not affected by the background, that is, t
are temperature independent. At 4.2 K, the spectrum is do

FIG. 3. ( ) resonant FLN spectra o
@Rh~bpy!3#@NaCr~ox!3#ClO4 at 1.8 K as a function of the lase
frequency ñex within the inhomogeneous width of theR1 line
(• • • •). Simulated resonant FLN spectra using the parame
relevant for the@Cr~ox!3] 32 chromophore as given in the text an
ket8 5104 s21. ñex2 ña is the energy difference between excitatio
energy and the maximum of the absorption.
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nated by the broad background and is nearly the sam
spectrum~a! in Fig. 2 resulting upon excitation into th
4A2→4T2 transition.

D. Time dependence

Time-resolved FLN experiments were performed at 1
3.0, and 4.2 K~see Fig. 5!. As for the temperature-depende
steady-state spectra, the excitation was effected close to
absorption maximum and in pulses of;4 ms width. The
spectra were recorded at different delay times following
excitation pulse and widths from 4ms for short delays to 50
ms for longer delays. Figure 5~a! shows the resulting spectr
at 1.8 K. Shortly after the pulse~delay time54 ms, gate
width 54 ms! the three-line pattern with spacings of 1
cm21, as observed for the diluted systems, is obtained.
longer delay times multiline patterns begin to appear. T
number of lines increases with increasing delay time and
maximum intensity shifts towards lower energies. The sa
experiments were performed at 3.0 and 4.2 K. The spe
are given in Figs. 5~b! and 5~c!, respectively. At 4.2 K the
spectrum recorded immediately after the pulse is a three-
spectrum identical to the one at 1.8 K. After a 50ms delay
time, a broad background appears in addition to the mu
line pattern. After 200ms this background dominates the lin
shape and the sharp lines are not observed anymore. Th
in contrast to the spectra at 1.8 K where also for long de
times~1250ms! no broad background can be seen. The sp
tra obtained at 3.0 K show virtually the same behavior as
spectra at 4.2 K, with the exception of the rise time of t
broad background being longer. The relative intensities

rs

FIG. 4. Temperature dependence of the resonant FLN spec
of @Rh~bpy!3#@NaCr~ox!3#ClO4 in the region of theR1 line between
1.8 and 4.2 K,ñex514 399.0 cm21.
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FIG. 5. Time-resolved
resonant FLN spectra o
@Rh~bpy!3#@NaCr~ox!3#ClO4 in
the region of theR1 line at ~a! 1.8
K, ~b! 3.0 K, and~c! 4.2 K. The
delay times inms are indicated in
the figure,ñex514 399.0 cm21.
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the sharp lines at 1.8, 3.0, and 4.2 K of the correspond
delay times are equal within the experimental accuracy.

The sharp lines in the spectra are numbered in the foll
ing way: the resonant line at which excitation takes place
called line 0, the lines lying at higher energie
1 i ( i 51,2 . . . ) and theones at lower energies2 i . Figure
6~a! shows the luminescence decay curves at 1.8 K of li
i 511,0,21, . . . ,24 following pulsed excitation (;1 ms
pulse length! at 14 399.7 cm21. The decay curve of the reso
nant line, i 50, is characterized by a fast nonexponent
decay. The decay curves of the other lines show a build
followed by a nonexponential decay. For lines close to
excitation energy~small i ), the rise time is short, for exampl

FIG. 6. Time-resolved resonant FLN experiment at 1.8 K
@Rh~bpy!3#@NaCr~ox!3#ClO4: ~a! Experimental decay curves of th
individual peaks as labeled in Fig. 4 of the multiline spectrum up
pulsed excitation atñex514 399.7 cm21. ~b! Calculated decay
curves using the parameters relevant for the@Cr~ox!3#32 chro-
mophore given in the text andket8 5104 s21.
g
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;100 ms for line i 521. With increasing energy differenc
between excitation and detection~larger i ) the rise time be-
comes longer, for instance;700ms for line i 524. At long
times the decay curve of linei 524 shows a single expo
nential behavior. The exponential fit of this last part of t
curve results in a decay time of 1.3 ms, which is equal
decay times observed in diluted@Cr~ox! 3# 32 systems. The
1.3 ms correspond to the radiative lifetimet r of the 2E state
and are in good agreement with the observed oscilla
strength for the4A2→2E transition.17 The resolution used to
measure the decay curves shown in Fig. 6~a! was not high
enough to avoid partial recording of neighboring lin
i 61.

IV. DISCUSSION

At liquid-helium temperatures only three levels of octah
drally coordinated Cr31 have to be considered~see Fig. 7!:
first, the two zero-field components of the4A2 ground state
(ga and gb) and, second, the low-energy component t
2E state (e). With a splitting of 13 cm21, the high-energy
component of the2E state can be neglected at temperatu
below 4.2 K.

For the diluted@Ru~bpy! 3#@NaAl:Cr~1%!~ox! 3] system,
the expected three-line pattern is observed in the FLN sp
trum ~see Fig. 1!, from which it is straightforward to extrac
values for the zero-field splittingD of the 4A2 ground state,
the homogeneous linewidthGhom, and the ratio of the radia
tive rate constantska/kb of 1.3 cm21, 0.012 cm21, and
2.8:1, respectively. For the diluted compound the total rad
tive decay rate constantkr is 1/t r5ka1kb5770 s21.

In concentrated systems energy transfer in theR1 line of
the 2E state is often encountered. The redshift of theR1 line
in luminescence by 1.7 cm21 with respect to the excitation
as well as the slightly smaller inhomogeneous linewidth

f

n



el
sfer
-

15 804 54VON ARX, HAUSER, RIESEN, PELLAUX, AND DECURTINS
FIG. 7. Schematic representation of the mod
for resonant and phonon-assisted energy tran
in the R1 transition of Cr31. Parameters are ex
plained in the text.
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the former~see Fig. 2! indicate that energy-transfer process
are important in neat@Rh~bpy! 3#@NaCr~ox! 3#ClO4. In FLN
experiments energy transfer is usually observed as stro
temperature-dependent spectral diffusion1,3,4 from the nar-
rowed three-line spectrum into the inhomogeneous distr
tion, and is therefore a phonon-assisted process. This be
ior is indeed observed in the FLN spectrum
@Rh~bpy! 3#@NaCr~ox! 3#ClO4 at 4.2 K. As the temperature i
lowered to below 4.2 K this process freezes out~see Fig. 4!.

The multiline FLN spectra of
@Rh~bpy! 3#@NaCr~ox! 3#ClO4 observed at 1.8 K call for a
different explanation. The model presented in the followi
postulates a resonant energy-transfer process in additio
the nonresonant spectral diffusion. Figure 7 depicts the b
assumptions of the model. The inhomogeneous distribu
of transition energies is given by a Gaussian. With two
homogeneously broadened and overlapping transitions,
sets of molecules are excited with a laser frequencyñex
within the inhomogeneous envelope: a set denoted asi 50,
for which the transitionga→e is resonant (ña05 ñex), and a
set denotedi 51, for which the transitiongb→e is resonant
( ñb15 ñex). Resonant energy transfer is possible within ea
of these subsets individually, but because each subset
two possible transitions and becauseG inh is larger thanD,
additional resonant energy-transfer processes are poss
For instance from the subseti 50 to the subseti 521, for
which thega→e transition is resonant with thegb→e tran-
sition on subseti 50, or from subseti 51 to subseti 52, for
which thegb→e transition is resonant with thega→e tran-
sition on subseti 51. This results in a ladder spaced byD
within the inhomogeneous distribution, with resona
energy-transfer processes between spectral neighborsi and
i 61.

Because the concentration of resonant@Cr~ox! 3# 32 chro-
mophores varies across the inhomogeneous distribution
average distance between resonant chromophores, and t
fore the probability for resonant energy transfer, varies
~Anderson localization19,20!. Consequently, the structure o
the multiline pattern depends strongly upon the excitat
wavelength: For excitation far into the low-energy tail, the
s
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are only a few resonant chromophores, and their dista
from each other is so large that hardly any resonant ene
transfer can occur. Thus almost a straightforward three-
pattern is observed~see Fig. 3!. The most striking multiline
pattern results for excitation at or near the center of the
homogeneous distribution, where the concentration of re
nant chromophores in subsets of spectral neighborsi and
i 61 is comparatively large. At a temperature of 1.8 K the
is a bias for the resonant energy transfer towards the l
energy members of the resonant ladder. This is borne ou
both the steady-state spectra of Fig. 3 as well as the ti
resolved spectra of Fig. 5~a!, where peaks at lower energie
become more intense than the resonant peak. This has
consequences for excitation into the high-energy tail~see
Fig. 3!. Because of the again rather low concentration
resonant chromophores the resonant peak is the most inte
But a small fraction of the energy still gets transferred do
the ladder, and gets into the center of the distribution.

The steady-state spectrum at 4.2 K is dominated by sp
tral diffusion ~see Fig. 4!. Nevertheless the resonant ener
transfer still takes place, as is evident from the time-resol
FLN experiments, which allow a clear distinction betwe
the two processes@see Figs. 5~a!–5~c!#. The three-line spec-
trum obtained immediately after the pulse (;10 ms delay!
both at 1.8 and at 4.2 K indicates that neither resonant
phonon-assisted energy transfer has occurred within
short time interval. With increasing delay time the number
lines due to the resonant process increases. And in ac
dance with the steady-state spectra the energy mainly
grates towards lower energy. At 1.8 K only multiline patter
are obtained even at long delay times. Therefore, at this t
perature the resonant energy transfer and the radiative
are orders of magnitude faster than the phonon-assisted
ergy transfer. Even though phonon-assisted energy tran
becomes faster at higher temperatures, the multiline pat
is superimposed on the increasing inhomogeneously bro
ened luminescence. This can be seen in Figs. 5~b! and 5~c!
where the broad background appears at longer delays.
obvious that the growing-in of this background is faster
4.2 K than at 1.8 and 3.0 K, but the relative intensities of
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54 15 805RESONANT AND PHONON-ASSISTED EXCITATION . . .
sharp lines at all three temperatures and given delay ti
are equal within the experimental accuracy. In contrast to
phonon-assisted process, the resonant process appears
temperature independent.

On the basis of the above, the selectively excited lumin
cence decay curves at 1.8 K shown in Fig. 6~a! are easily
interpreted. All lines except the resonant line show
build-up due to resonant energy transfer, and except for
lowest-energy line their decays are far from single expon
tial. With increasing energy difference between excitat
and detection the rise time becomes longer, indicating
the resonant process indeed proceeds along the steps o
ladder. The nonexponential decay of the resonant line
more than an order of magnitude faster than the radia
lifetime t r of 1.3 ms observed in the diluted system. Th
proves the resonant process to be a nonradiative proc2

For the lowest energy line (i 524) single exponential be
havior with a lifetime equal to the radiative lifetime is ob
served at long delay times, showing that on average mos
the chromophores in this low-energy subset are well se
rated and thus decay mainly radiatively, without being de
tivated by resonant energy transfer.

In principle, the line resonant with the laser frequen
should have a width equal to twice the homogeneous w
Ghom as indicated in Fig. 1 for the diluted compound. F
each transfer step the width should increase by an additi
2Ghom. This holds for resonant energy transfer within o
subset as well as for transfer to neighboring subsets. With
experimental resolution of 0.3 cm21 and Ghom50.012
cm21 this would require more than ten transfer steps in
der for such a broadening to become observable.

In general the twoR lines are well correlated in crysta
line Cr31 materials.21 Preliminary nonresonant FLN exper
ments on@Rh~bpy! 3#@NaCr~ox! 3#ClO4 with the excitation
tuned to theR2 line at 1.8 K also result in multiline spectra
showing the two states to be well correlated in this syste
too.

A. A quantitative model

The resonant energy-transfer process within theR1 line
can be described by the following set of differential equ
tions:

dNei

dt
52Nei@kr1ket~Nai211Nbi11!#1ket~Nei11Nai

1Nei21Nbi!1d0ika
exNai1d1ikb

exNbi . ~1!

In Eq. ~1! kr5ka1kb is the sum of the individual radia
tive rate constants of the two transitionse→ga ande→gb .
ka

ex andkb
ex are the excitation rate constants for the two tra

sitions, for which the relationka
ex/kb

ex5ka /kb holds. Nai ,
Nbi , and Nei are the populations of the three levels in s
i , ket is the bimolecular energy transfer rate constant, a
d is the delta function.

As no evident transient hole-burning was observed at
low laser powers used, it is assumed thatNei!Nai ,Nbi .
ThereforeNai1Nbi'N0i holds, whereN0i is the total num-
ber of complexes in subseti . Furthermore, assuming a com
es
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paratively fast spin-lattice relaxation time for the grou
state,Nai andNbi are given by a Boltzmann distribution

Nai5N0i /@11exp~2D/kBT!#

and

Nbi5N0iexp~2D/kBT!/@11exp~2D/kBT!#. ~2!

The values forN0i , in turn, are determined by the Gaussi
distribution

N0i5N0expH 2
4 ln2~ ñex1 iD 2 ña!2

G inh
2 J , ~3!

whereN0 is the density of complexes within a homogeneo
linewidth at the center of the distribution.ña is the energy of
the maximum of the absorption of the transitionga→e and
ñex is the excitation energy of the laser.

For steady-state conditions, the differential equations~1!
are reduced to a set of linear equations, which are strai
forward to solve numerically forNei . The resulting FLN
spectra can then be calculated with the intensityP( ñ) as
follows:

P~ ñ !;(
i

Nei$kag~ ñai!1kbg~ ñbi!%, ~4!

whereg( ñ) is the instrumental line shape, which is assum
to be a Gaussian limited by the instrumental resolut
Dñ res. The energies of the transitionse→gai ,gbi of each
subseti are defined as

ñai5 ñex1 iD ~5!

and

ñbi5 ñai2D,

respectively. Calculations for steady-state FLN spectra
@Rh~bpy! 3#@NaCr~ox! 3]ClO 4 as a function of the exci-
tation energy ñex were performed with the fol-
lowing values for the relevant experimental par
meters:

D51.3 cm21, kr5770 s21, Ghom50.012 cm21,

ka /kb5ka
ex/kb

ex52.8, G inh54.4 cm21,

Ntot51.0731021 cm23, ña514 398.6 cm21,

T51.8 K, Dñ res50.3 cm21.

Ntot is the total density of luminophoric units as calculat
from x-ray data.11 With the above values the density of com
plexes resonant within a homogeneous linewidth at the c
tral frequency of the inhomogeneous distribution is estima
to be

N052
Ghom

G inh
Ntot5631018 cm23. ~6!

The pseudo first-order rate constantket8 is then defined as
ket8 5ketN0. Thus the energy-transfer rate constantket8 is the



b
st

pl
no

th
g
a

in
a
a
r

ow
e
d
i-

b
s-
e
i

er

o
s
a
tr

e
is

th
l-
n

-

t
th

om

ti

he
een
is

ed
ian

ill
o-
an
s a
ex-

cess
lved
ith
ntly,
ibed
ess

r of

s
r of

for

e

e
pe-
et-

rs,
nts

z-
er
h

15 806 54VON ARX, HAUSER, RIESEN, PELLAUX, AND DECURTINS
only free parameter. For the actual calculation it is prefera
to use the experimentally determined inhomogeneous di
bution from the excitation spectrum of Fig. 2 rather than
Gaussian distribution according to Eq.~3! with G inh equal to
the above value. In particular the deviations from a sim
Gaussian on the low-energy side of the distribution are
negligible for a quantitative evaluation of the data.

Figure 3 shows the calculated FLN spectra withket8 fixed
at 104 s21, and for different values ofñex. The energy dif-
ference between excitation energy and the maximum of
absorptionñex2 ña is indicated in the figure. The resultin
relative intensities in the calculated steady-state spectra
in excellent agreement with the experiment.

For simulations of the decay curves it is necessary to
tegrate the set of differential equations explicitly. This w
done using numerical techniques with the same set of par
eters as above. In Fig. 6~b! the calculated decay curves fo
the excitation energyñex514 399.7 cm21 and ket8 5104

s21, as determined from the steady-state spectra, are sh
The calculated curves show good agreement with the exp
mental curves. The deviations shortly after the pulse are
to the experimental difficulty in fully separating the ind
vidual peaks~see above!.

B. The mechanism for the resonant process

Radiative energy-transfer processes are not very proba
given that thin layers of polycrystalline material with a cry
talline size of less than 10mm were used, and they can b
definitely excluded on the basis of the build-up of the lum
nescence observed for the low-energy members of the s
of peaks. Magnetic exchange interactions are negligible
@Rh~bpy! 3] @NaCr~ox! 3#ClO4 because the@Cr~ox! 3# 32 units
are separated by at least 9.7 Å ,11 and with a bridging se-
quence Cr-ox-Na-ox-Cr no superexchange pathway is p
sible. Furthermore, the resonant process, in general, doe
occur between nearest neighbors, because the concentr
of resonant species is much lower than the total concen
tion of chromophores.

The most probable mechanism for such a comparativ
long-range resonant process is a dipole-dipole mechan
the probability of which is given by22

wDA5const
QAVDA

tD
r RDA

6 ñDA
4

5
1

tD
r S Rc

RDA
D 6

, ~7!

where QA is the integrated absorption cross section of
acceptor,VDA is the spectral overlap integral of the norma
ized absorption and emission of the acceptor and the do
respectively,tD

r is the radiative lifetime of the donor,RDA is
the donor-acceptor separation, andñDA is the transferred en
ergy. ForQA , VDA , andRDA in units of cm,tD

r in seconds,
and ñDA in cm21, const takes on a value of 2.731025.

The critical distanceRc for which the rate of resonan
energy transfer via a dipole-dipole mechanism is equal to
radiative lifetime of the donor can thus be estimated fr
experimentally accessible quantities. The values oftD

r and
ñDA are given above. The integrated absorption cross sec
can be calculated according to23
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QA53.81310221E «~ñ !dñ'6310219 cm, ~8!

taking values of«max and the full width at half maximum of
the R1 line as ;20 lMol cm and;7 cm21, respectively,
from the absorption spectrum at 20 K given in Ref. 11. T
spectral overlap integral for resonant energy transfer betw
the electronic origins of identical donors and acceptors
simply given by the integral of the square of the normaliz
homogeneous line shape function, which for a Lorentz
g( ñ) gives

VDA5E g~ ñ !2dñ5
1

pGhom
'27 cm, ~9!

using the above value forGhom. This results in a value for
Rc of ;47 Å . With the above value forN0, an excited
complex at the center of the inhomogeneous distribution w
have at least;2 complexes in the same set to which res
nant energy transfer is possible within this radius, plus
approximately equal number in the neighboring sets. Thu
resonant dipole-dipole mechanism can account for the
perimentally observed energy-transfer rates.

V. CONCLUSIONS

We conclude that in@Rh~bpy! 3#@NaCr~ox! 3#ClO4 energy
transfer within theR1 line of the 2E state is predominantly a
resonantprocess at 1.8 K, whereas a phonon-assisted pro
takes over at temperatures above 3.5 K. The time-reso
FLN experiments clearly differentiate between the two. W
all the other relevant parameters determined independe
the observed multiline FLN spectra are adequately descr
using a single rate constant for the energy-transfer proc
itself.

There are two reasons for the fasterresonantprocess in
this system as compared to ruby.~a! Because this is not a
doped system and because of the more than one orde
magnitude larger homogeneous linewidth@0.012 cm21 ver-
sus ,0.001 cm21 ~Ref. 24!#, the concentration of center
which are resonant with each other is more than one orde
magnitude larger than in ruby doped with 0.9% Cr31. ~b!
With a radiative lifetime of 1.3 ms, as opposed to 3.5 ms
ruby, the oscillator strength of the4A2→2E transition in the
@Cr~ox! 3] 32 chromophore is larger by a factor of 2.5. Th
somewhat smaller inhomogeneous linewidth in ruby~1.8
cm21 at 0.9% doping level4! counteracts the above to som
extent, but cannot override their combined effect. The s
cific nuclear structure of the three-dimensional oxalate n
work inhibits the formation of exchange coupled pai
which in ruby act as shallow traps and prevent experime
at higher Cr31 concentrations.
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