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In resonant fluorescence line narrowitfLN) experiments in thdR, transition of the[Cr(ox)3]®~ chro-
mophore i Ru(bpy) 3][NaAl:Cr(1%)(ox) ;] and[Rh(bpy) s ][NaCr(ox) ;] CIO , multiline spectra are observed at
1.8 K, (ox=oxalate, bpy2,2"-bipyridine). For [Rh(bpy);][NaCrox)3]CIO, 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 diffusiof50163-18206)04746-7

[. INTRODUCTION geneous width of théR lines. The present paper is a full
account of our studies of excitation energy transfer in
Excitation energy transfer between identical chro-[Rh(bpy)s][NaCrox);]CIO,. Time-resolved FLN tech-
mophores in solids containing transition-metal ions has beeniques allow for a clear distinction between the more com-
the subject of a large number of studfesin particular en-  mon phonon-assisted process and the resonant process.
ergy migration within the electronic origin of the low-energy
component of the’E state of CF™ doped into AbO,
(ruby), the so-called R; line, has been extensively
discussed. Fluorescence line narrowin@LN) experiments The two compound§Ru(bpy) 3] [NaAl:Cr(1%)(ox) 5] and
at 10 K on AlLO3:Cr3*(0.9% performed by Selzer and [Rh(bpy);][NaCrox)3]CIO, were prepared as described in
co-workerd* indicate that single ion to single ion energy Refs. 14 and 11. Spectroscopic measurements were per-
transfer proceeds mainly via spectral diffusion and is thus #rmed on a single crystallL mm edge of the former and
phonon-assisted process, showing a typical linear depemolycrystalline samples of the latter.
dence of the transfer rate with temperatti@omewhat later Broadband luminescence spectra were obtained by excit-
Chu et al® and Jessop and Szdbsucceeded in observing ing with a He-Ne laser at 543 nffPolytec PL 405 GR For
slow resonant single-ion energy transfer based on electrifluorescence line narrowing experiments a Ti:sapphire laser
field experiments. The transfer times on the millisecond timgSchwartz Electro Optigsvas used, pumped by an argon-ion
scale were found to be compatible with a dipole-dipolelaser(Spectra Physics 2045-154Equipped with ant&lon,
mechanism. However, this pertains to resonant energy tranghe laser linewidth was<0.02 cm™*. The luminescence was
fer from Cr3* ions on the one sublattice to €f ions on the  dispersed by a 3/4 m double monochroma&pex 1402 A
other. Duval and Montéllmaintain that within one sublattice cooled photomultipliefRCA-C31034 was used as detector,
resonant energy transfer is rapid based on uniaxial stress eand the signal was processed by a gated photon counting
periments. In addition to experiments on ruby, othersystem(Standford Research 4D0In the FLN spectra the
Cr3*-doped systems have been investigdtéut in no in- experimental resolution is limited by the monochromator
stance was there any clear cut evidence for a fast resona(@.3 cm™1, 15 um slits). In the resonant FLN experiments
process. the exciting laser beam and the resulting luminescence were
In a preliminary repoff evidence for such a resonant both passed through the same chopper blade, but with a
process in the three-dimensional network structurephase shift of 180 ° in order to avoid laser light reaching the
[Rh(bpy) s][NaCr(ox) 5]ClO, (ox=oxalate, bpy=  photomultiplier tube®
2,2 -bipyridine) was presented. The compound crystallizes For time-resolved measurements a photoelastic modulator
in the cubic space group2,3 ! with the[Cr(ox)3]®~ units  (Coherent 30bwas used in addition to the mechanical chop-
havingC; point symmetry. The basic spectroscopic behavioiper in order to produce laser pulsesol—4 us. The time-
is identical to the one of the large number of octahedrallyresolved luminescence was recorded using the gated photon
coordinated and trigonally distorted €r chromophore¥$'®  counting system at fixed delays for full spectra and a multi-
studied to date, with a comparatively large splitting of thechannel scale(Standford Research 4p8r decay curves.
lowest excited?E state, and a small zero-field splitting of the ~ Highly resolved FLN spectra were obtained using a single
4A, ground state which is usually obscured by the inhomo4frequency dye laser and a scanning plane parallel Fabry-
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FIG. 1. Luminescence spectra in the region of Reline of cm™
[Ru(bpy) ;][NaAl:Cr(1%)(ox) 3] at 1.8 K. (— — — —) Excitation
into the *A,—*4T, transition at 543 nm[';,,=4 cm™%; (__) FIG. 2. (@ Luminescence spectrum of

resonant FLN spectrum using the Fabr'yﬁténterferometer at 100 [Rh(bpy);][NaCrox));]ClO, in the region of theR, line at 1.8 K
GHz free spectral range, zero-field splitting of th&, ground state  upon nonselective excitation at 543 nth) Excitation spectrum at

D=1.3 cm % (- - - -) instrumental response. Inset: resonant line1.8 K, monitored at 14 368 cit ( ____), and best fit with Gauss-
of the FLN spectrum at 3 GHz free spectral range. () Experi-  jan distribution for the excited state, a ground-state zero-field split-
mental; ( - - -) Lorentzian fit, [oy=0.012 cm* (360 MH2);  ting D of 1.3 cm * and relative oscillator strengths for the two
(----- )instrumental response. components of 2.8:1 as determined for the diluted system. The

maximum is close to the high-energy component of Byeline,
Paot interferometer (Burleigh RC-110 described else- 7,.
wherel01°
For excitation spectra the Ti:sapphire laser was scann
using an inchworm controllefBurleigh PZ 500-1 without
the ‘@alon, and the wavelength was monitored with a
wavemeter(Burleigh Jy. Sample temperatures between 1.8

and 4.2 K were achieved in a pumped He bath cryaQat

efﬁonal side band at 14 368 cnt using a comparatively large
bandwidth of 2 cm'. As for the luminescence, an approxi-
mately Gaussian line shape with an inhomogeneous width
[, of 4.4 cm™ 1 is observed. This is slightly larger than the

ford Instruments MD % Model calculations for the energy- 3.872:m * observed in luminescence, and with 14 398.6
transfer processes, in particular solving a set of coupled dif¢™M thf’ maximum is shifted towards higher energies by
ferential equations numerically, were performed using thel-7 cm™~ with respect to the luminescence.

AcsL (Ref. 16 subroutine package.

B. Resonant fluorescence line narrowindFLN)
. RESULTS ' -~ :
The zero-field splitting of the*A, ground stateD, is

A. Luminescence and excitation spectra smaller than the inhomogeneous line width, and is not

Upon excitation at 18 416 cm' (543 nm), that is into the  resolved in the above spectra. In such a case, a resonant FLN
4T, absorption band of théCr(ox)3]®~ chromophore in  spectrum of th&R, line of Cr3* characteristically consists of
both the diluted[Ru(bpy)3][NaAl:Cr(1%)(ox) ;] system as three lines: the central, resonant line, and satellites at
well as in the neafRh(bpy) ;][NaCrox) 3]ClO,, sharp line  +D 11518 The relative intensities of the three lines depend
luminescence assigned to théE—“A, transition is upon the sample temperature, the relative transition prob-
observed.”*! The splitting of the’E state is 13.2 cm* for  abilities of the two overlapping transitions, and upon the ex-
the latter and 14.9 cm! for the former. citation wavelength within the inhomogeneous distribution.

Figure 1 shows the luminescence spectrum for exciin the doped systemiRu(bpy)s;][NaAl:Cr(1%)(ox)4] these
taton at 543 nm of a single crystal of expectations are mésee Fig. 1 and the observed splitting
[Ru(bpy) 5 [NaAl:Cr(1%)(0ox) 5] in the region of the lower- gives a value foD of 1.3 cm™ 1. The ratio of the intensities
energy electronic origin of theE— %A, transition R, line) of the satellites at-D and +D of 1:0.35 conforms to a
at 1.8 K. The line shape is close to Gaussian centered @&oltzmann distribution between the zero-field components of
14 399.3 cm't, with a full width at half maximum of~4  the A, ground state at 1.8 K. From the relative intensity of
cm~ ! With a spectral resolution of 0.3 cnt the latter the satellites to the central line, a ratio for the radiative tran-
value thus corresponds to the inhomogeneous witthof  sition probabilities between the two ground-state levels and
the transition. the lower-energy level of théE state of 2.8:1 can be ex-

Spectrum(a) in Fig. 2 shows the corresponding lumines- tracted. Furthermore, using a single-frequency dye laser and
cence at 1.8 K for a microcrystalline sample of a Fabry-Peot interferometel? the homogeneous linewidth
[Rh(bpy) 3][NaCrox) 3]CIO,. In luminescence, the maxi- of the R; line, I'yom, is found to be~0.012 cmi ! (360
mum of the R; line of the neat material is at 14 396.9 MHz) at 1.8 K (inset Fig. 1.
cm~ L. For the excitation spectrum, spectruy in Fig. 2, The resonant FLN spectra at 1.8 K of neat
the luminescence was detected nonselectively in a vibrgdRh(bpy);][NaCrox);]CIO, shown in Fig. 3 consist of
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FIG. 3. () resonant FLN  spectra  of FIG. 4. Temperature dependence of the resonant FLN spectrum

[Rh(bpy) 3][NaCr(0x)3]CIO, at 1.8 K as a function of the laser of [Rh(bpy),][NaCr(ox);]CIO, in the region of theR, line between
frequency ve, within the inhomogeneous width of thR; line 1.8 and 4.2 Kpe, =14 399.0 cmi .

(- - - -). Simulated resonant FLN spectra using the parameters
relevant for thg Cr(ox)3]®~ chromophore as given in the text and
kl=10" s™1. 7,7, is the energy difference between excitation
energy and the maximum of the absorption.

nated by the broad background and is nearly the same as
spectrum(a) in Fig. 2 resulting upon excitation into the
4A,— 4T, transition.

many more lines than the simple three-line spectrum. The
spacing between adjacent lines is 1.3 chthroughout the
Spectrum, that iS, equal tD’ but the number of lines ob- Time-resolved FLN eXperimentS were performed at 18,
served and their relative intensities depend critically upors-0: and 4.2 Ksee Fig. 5. As for the temperature-dependent
the excitation energi,, relative to the maximum of the steady-;tate spe;ctra, the e?<C|tat|on was effecte_d close to the
R, line in the excitation spectruf, . Only for excitation at 2PSOrption maximum and in pulses 6f4 us width. The

the low-energy edge of the inhomogeneous distribution doe§pe_(:tr"?1 were recorded_ at different delay times following the
the spectrum resemble the three-line spectrum observed fGreiation pulse and widths from ds for short delays to 50

the diluted compound, for which the resonant line is always.“S for longer delays. Figure(® shows the resuiting spectra

the most intense. Excitation more at the center of the distrifﬂ 1.8 K. Shortly after the puls@elay time =4 us, gate

bution results in additional lines both at higher and IowerWIdth =4 ) the three-line pattern with spacings of 1.3

. but with a bias t ds th he ~cm~ 1, as observed for the diluted systems, is obtained. At
energies, but with a bias towards those at lower energ|e§0nger delay times multiline patterns begin to appear. The

Furthermore, in contrast to the diluted compound, the resojmper of lines increases with increasing delay time and the
nant line is not always the most intense. maximum intensity shifts towards lower energies. The same
experiments were performed at 3.0 and 4.2 K. The spectra
are given in Figs. ) and 5c), respectively. At 4.2 K the
spectrum recorded immediately after the pulse is a three-line
In Fig. 4 the steady-state FLN spectra obtained at temspectrum identical to the one at 1.8 K. After a A8 delay
peratures between 1.8 and 4.2 K are presented for an excittime, a broad background appears in addition to the multi-
tion wavelength on the high-energy side of the excitationline pattern. After 20Qus this background dominates the line
maximum. The multiline patterns at 1.8 and 2.4 K are veryshape and the sharp lines are not observed anymore. This is
similar, with only a hint of an additional background at 2.4 in contrast to the spectra at 1.8 K where also for long delay
K. Above 2.4 K this background grows strongly with in- times(1250us) no broad background can be seen. The spec-
creasing temperature. However, the intensity ratios of théra obtained at 3.0 K show virtually the same behavior as the
sharp lines are not affected by the background, that is, thegpectra at 4.2 K, with the exception of the rise time of the
are temperature independent. At 4.2 K, the spectrum is dombroad background being longer. The relative intensities of

D. Time dependence

C. Temperature dependence
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a)

delay = 1250 us

T=18K

120 FIG. 5. Time-resolved
resonant FLN  spectra  of
[Rh(bpy) 3]INaCr(0x)3]CIO, in
the region of theR, line at(a) 1.8
K, (b) 3.0 K, and(c) 4.2 K. The
50 delay times inus are indicated in
the figure, ve,= 14 399.0 cm 1.
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the sharp lines at 1.8, 3.0, and 4.2 K of the corresponding-100 us for linei=—1. With increasing energy difference
delay times are equal within the experimental accuracy. between excitation and detectidiargeri) the rise time be-
The sharp lines in the spectra are numbered in the followeomes longer, for instance 700 us for linei=—4. At long
ing way: the resonant line at which excitation takes place isimes the decay curve of line= —4 shows a single expo-
called line 0, the lines lying at higher energies nential behavior. The exponential fit of this last part of the
+i (i=1,2...) and theones at lower energiesi. Figure  curve results in a decay time of 1.3 ms, which is equal to
6(a) shows the luminescence decay curves at 1.8 K of lineglecay times observed in dilutd€r(ox) ;]3> systems. The
i=+1,0,—1,...,—4 following pulsed excitation{1 us 1.3 ms correspond to the radiative lifetimeof the ?E state
pulse lengthat 14 399.7 cm*. The decay curve of the reso- and are in good agreement with the observed oscillator
nant line,i=0, is characterized by a fast nonexponentialstrength for the*A,—°E transition!” The resolution used to
decay. The decay curves of the other lines show a build-upneasure the decay curves shown in Fitp) Gvas not high
followed by a nonexponential decay. For lines close to theenough to avoid partial recording of neighboring lines
excitation energysmalli), the rise time is short, for example i*1.

IV. DISCUSSION

& At liquid-helium temperatures only three levels of octahe-
drally coordinated Ct" have to be considere@ee Fig. T:
first, the two zero-field components of tHé, ground state
(g, and g,) and, second, the low-energy component the
2E state €). With a splitting of 13 cm'%, the high-energy

P2 component of théE state can be neglected at temperatures
below 4.2 K.

For the diluted[Ru(bpy) 3;][NaAl:Cr(1%)(0x) 3] system,
the expected three-line pattern is observed in the FLN spec-
trum (see Fig. 1, from which it is straightforward to extract
Pl values for the zero-field splittinB of the A, ground state,

00 05 10 15 20 25 00 05 10 15 20 25 the homogeneous linewidih,,,, and the ratio of the radia-
sl tlme) tive rate constantk,/k, of 1.3 cm !, 0.012 cm ¢, and

FIG. 6. Time-resolved resonant FLN experiment at 1.8 K of 2-8:1, respectively. For the diluted compound thﬁ total radia-
[Rh(bpy) s INaCr(0x)5]CIO,: () Experimental decay curves of the tive decay rate constaht is 1/r =k, +kp=770 ™"

individual peaks as labeled in Fig. 4 of the multiline spectrum upon |g concentrated systems energy transfer inRhdine of
pulsed excitation afve,=14399.7 cnil. (b) Calculated decay the “E state is often encountered. The redshift of Ryeline

curves using the parameters relevant for fi@(0x)5]3~ chro-  in luminescence by 1.7 cit with respect to the excitation
mophore given in the text arkf,,=10* s~ as well as the slightly smaller inhomogeneous linewidth of

P-1

P-3

P-4
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FIG. 7. Schematic representation of the model
for resonant and phonon-assisted energy transfer
in the R, transition of CF*. Parameters are ex-
plained in the text.
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the former(see Fig. 2indicate that energy-transfer processesare only a few resonant chromophores, and their distance
are important in negtRh(bpy) ;][NaCrox)3]ClIO,. In FLN  from each other is so large that hardly any resonant energy
experiments energy transfer is usually observed as stronglyansfer can occur. Thus almost a straightforward three-line
temperature-dependent spectral diffusidffrom the nar-  pattern is observetsee Fig. 3 The most striking multiline
rowed three-line spectrum into the inhomogeneous distribupattern results for excitation at or near the center of the in-
tion, and is therefore a phonon-assisted process. This behajomogeneous distribution, where the concentration of reso-
jor is indeed observed in the FLN spectrum of hant chromophores in subsets of spectral neighboasd
[Rh(bpy) s][NaCr(ox) 3]CIO, at 4.2 K. As the temperature is j+1 is comparatively large. At a temperature of 1.8 K there
lowered to below 4.2 K this process freezes @éte Fig. 4 s a bias for the resonant energy transfer towards the low-
The multiline FLN spectra of energy members of the resonant ladder. This is borne out by
[Rh(bpy) s][NaCr(0x) 3]CIO4 observed at 1.8 K call for a hoth the steady-state spectra of Fig. 3 as well as the time-
different explanation. The model presented in the followingresolved spectra of Fig.(8, where peaks at lower energies
postulates a resonant energy-transfer process in addition fcome more intense than the resonant peak. This has also
the nonresonant spectral diffusion. Figure 7 depicts the basigonsequences for excitation into the high-energy (séle
assumptions of the model. The inhomogeneous distributiorp:ig_ 3. Because of the again rather low concentration of
of transition energies is given by a Gaussian. With two in-resonant chromophores the resonant peak is the most intense.
homogeneously broadened and overlapping transitions, twBut a small fraction of the energy still gets transferred down
sets of molecules are excited with a laser frequemgy the ladder, and gets into the center of the distribution.
within the inhomogeneous envelope: a set denotet=3, The steady-state spectrum at 4.2 K is dominated by spec-
for which the transitiorg,—e is resonant7,0="7ve,), and a tral diffusion (see Fig. 4 Nevertheless the resonant energy
set denoted=1, for which the transitioy,—e is resonant  transfer still takes place, as is evident from the time-resolved
(vh1="7vey. Resonant energy transfer is possible within eactFLN experiments, which allow a clear distinction between
of these subsets individually, but because each subset hgse two processdsee Figs. &)—5(c)]. The three-line spec-
two possible transitions and becausgy is larger thanD,  trum obtained immediately after the pulse 10 us delay
additional resonant energy-transfer processes are possiblsoth at 1.8 and at 4.2 K indicates that neither resonant nor
For instance from the subset0 to the subset=—1, for  phonon-assisted energy transfer has occurred within this
which theg,— e transition is resonant with thg,—e tran-  short time interval. With increasing delay time the number of
sition on subset=0, or from subset=1 to subset=2, for  lines due to the resonant process increases. And in accor-
which theg,— e transition is resonant with thg,—e tran-  dance with the steady-state spectra the energy mainly mi-
sition on subset=1. This results in a ladder spaced By  grates towards lower energy. At 1.8 K only multiline patterns
within the inhomogeneous distribution, with resonantare obtained even at long delay times. Therefore, at this tem-
energy-transfer processes between spectral neiglibansl  perature the resonant energy transfer and the radiative rate
i+1. are orders of magnitude faster than the phonon-assisted en-
Because the concentration of resong®it(ox) ;]3~ chro-  ergy transfer. Even though phonon-assisted energy transfer
mophores varies across the inhomogeneous distribution, tHeecomes faster at higher temperatures, the multiline pattern
average distance between resonant chromophores, and theig-superimposed on the increasing inhomogeneously broad-
fore the probability for resonant energy transfer, varies toened luminescence. This can be seen in Fi¢fs) &nd 5c)
(Anderson localizatiol??9. Consequently, the structure of where the broad background appears at longer delays. It is
the multiline pattern depends strongly upon the excitatiorobvious that the growing-in of this background is faster at
wavelength: For excitation far into the low-energy tail, there4.2 K than at 1.8 and 3.0 K, but the relative intensities of the
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sharp lines at all three temperatures and given delay timgsaratively fast spin-lattice relaxation time for the ground
are equal within the experimental accuracy. In contrast to thetate,N,; andNy; are given by a Boltzmann distribution
phonon-assisted process, the resonant process appears to be
temperature independent. Nai=Noi /[1+exp(—D/kgT)]

On the basis of the above, the selectively excited Iuminesénd
cence decay curves at 1.8 K shown in Figa)6are easily
intgrpreted. All lines except the resonant line show a Ny = Ngiexp(— D/KgT)/[1+exp —D/kgT)]. ()
build-up due to resonant energy transfer, and except for the
lowest-energy line their decays are far from single exponenThe values folNg; , in turn, are determined by the Gaussian
tial. With increasing energy difference between excitationdistribution
and detection the rise time becomes longer, indicating that -~ o~
the resonant process indeed proceeds along the steps of the Ne = N p{ 4IN2(vext+iD —v,)

; o 0i = No€Xpy — 2 '

ladder. The nonexponential decay of the resonant line is | R

more than an order of magnitude faster than the radiative ] ) o
lifetime =, of 1.3 ms observed in the diluted system. ThisWhereNo is the density of complexes within a homogeneous

proves the resonant process to be a nonradiative préces&newidth at the center of the distribution, is the energy of
For the lowest energy linei £ —4) single exponential be- the maximum of the absorption of the transitign—e and
havior with a lifetime equal to the radiative lifetime is ob- VexiS the excitation energy of the laser. _
served at long delay times, showing that on average most of FOr steady-state conditions, the differential equati@ns
the chromophores in this low-energy subset are well sepa'® reduced to a set of _I|near equations, which are straight-
rated and thus decay mainly radiatively, without being deacforward to solve numerically foN¢;. The resulting FLN
tivated by resonant energy transfer. spectra can then be calculated with the intensitw) as

In principle, the line resonant with the laser frequencyfollows:
should have a width equal to twice the homogeneous width
I'om @s indicated in Fig. 1 for the diluted compound. For D)~ . o T
each transfer step the width should increase by an additional PO) El Neitka(vai) *kug(voo), @
2l om- This holds for resonant energy transfer within one

()

. . - —whereg(7) is the instrumental line shape, which is assumed
subset as well as for transfer to neighboring subsets. With al pe gé )Gaussian limited by the ingtrumental resolution

experimental resolution of 0.3 cnt and I'y=0.012 AT The energies of the transitiores—a.. dw of each
cm™ ! this would require more than ten transfer steps in or- Vres: 9 Yai - Obi

der for such a broadening to become observable. subset are defined as
In general the twR lines are well correlated in crystal- 7. =7 +iD (5)
line Cr¥" materials?! Preliminary nonresonant FLN experi- a e
ments on[Rh(bpy) ;][NaCrox) ;]ClIO, with the excitation and
tuned to theR, line at 1.8 K also result in multiline spectra, o
showing the two states to be well correlated in this system, Vpi=vai— D,

too. respectively. Calculations for steady-state FLN spectra of

[Rh(bpy) 3][NaCrox) 5]CIO, as a function of the exci-
A. A quantitative model tation energy v., were performed with the fol-
lowing values for the relevant experimental para-

The resonant energy-transfer process within Rieline meters:

can be described by the following set of differential equa-
tions: D=13cm? k=770 s, T,m=0.012 cm?,

dNg,; Ka/kp=KIkE*=2.8, Tjpn=4.4 cmi?,
dt = — Ngi[ Ky +Ke(Naj— 1+ Npj1 1) ]+ Kel( Nejt 1Ng

Nit=1.07x10°" cm™3, 7,=14 398.6 cm?,
+ Nei—1Npi) + ikg Naj+ 81Kg Np; - (o - .
T=18 K, AT.=03 cmL

In Eq. (1) k,=k,+ kK, is the sum of the individual radia- N, is the total density of luminophoric units as calculated

tive rate constants of the two transitioes>g, ande—g,.  from x-ray datat* With the above values the density of com-
ka  andky* are the excitation rate constants for the two tran-plexes resonant within a homogeneous linewidth at the cen-
sitions, for which the relatiork$Vkg*=k,/k, holds. N4,  tral frequency of the inhomogeneous distribution is estimated

Np;, andNg; are the populations of the three levels in setto be
i, Ket is the bimolecular energy transfer rate constant, and
d is the delta function. Iom 8 3
As no evident transient hole-burning was observed at the NO:ZH Nior=6%x 10" cm™>. (6)
low laser powers used, it is assumed thaE<<N,;,Np;.
ThereforeN,;+ N,;=Ny; holds, whereN; is the total num-  The pseudo first-order rate constddy is then defined as

ber of complexes in subsit Furthermore, assuming a com- kg, =keNg. Thus the energy-transfer rate constkftis the
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only free parameter. For the actual calculation it is preferable o
to use the experimentally determined inhomogeneous distri- Qa=3.81X 10_21f e(v)dv~6x10"1 cm, (8
bution from the excitation spectrum of Fig. 2 rather than a
Gaussian distribution according to H§) with I'iy, €qual 0 taking values of yay and the full width at half maximum of
the above value. In particular the deviations from a simplgpe R, line as~20 IMol cm and~7 cm™1, respectively,
Gaussian on the low-energy side of the distribution are nofom the absorption spectrum at 20 K given in Ref. 11. The
negligible for a quantitative evaluation of the data. spectral overlap integral for resonant energy transfer between
Figure 3 shows the calculated FLN spectra wkifhfixed  the electronic origins of identical donors and acceptors is
at 10' s™*, and for different values of.,. The energy dif- simply given by the integral of the square of the normalized
ference between excitation energy and the maximum of thegmogeneous line shape function, which for a Lorentzian
absorptionve,— v, is indicated in the figure. The resulting g(7) gives
relative intensities in the calculated steady-state spectra are
in excellent agreement with the experiment.
For simulations of the decay curves it is necessary to in- QDAZJ g(7)2dv=
tegrate the set of differential equations explicitly. This was
done using numerical techniques with the same set of param- . .
eters as above. In Fig(i§) the calculated decay curves for Using the above value fdrp,y. This results in a value for
the excitation energyre,=14399.7 cm® and k,=10* Rc of ~47 A . With the above value foNo, an excited
s~1, as determined from the steady-state spectra, are showsomplex at the center of the !nhomogeneous dlstr|put|on will
The calculated curves show good agreement with the experflave at least-2 complexes in the same set to which reso-

mental curves. The deviations shortly after the pulse are dugant energy transfer is possible within this radius, plus an
to the experimental difficulty in fully separating the indi- @PProximately equal number in the neighboring sets. Thus a
vidual peakssee above resonant dipole-dipole mechanism can account for the ex-

perimentally observed energy-transfer rates.

~27 cm, 9
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B. The mechanism for the resonant process
V. CONCLUSIONS

Radiative energy-transfer processes are not very probable,
given that thin layers of polycrystalline material with a crys- ~ We conclude that iiRh(bpy) 3][NaCr(0x) 3]CIO, energy
talline size of less than 1Qm were used, and they can be transfer within thd?l line of theZE state is predominantly a
definitely excluded on the basis of the build-up of the lumi-resonanprocess at 1.8 K, whereas a phonon-assisted process
nescence observed for the low-energy members of the serié@kes over at temperatures above 3.5 K. The time-resolved
of peaks_ Magnetic exchange interactions are neg||g|b|e "FLN experiments Clearly differentiate between the two. With
[Rh(bpy) 5] [NaCr(0x) 5]ClO, because théCr(ox);]3~ units all the other relevant parameters determined independently,
are separated by at least 9.7 & and with a bridging se- the observed multiline FLN spectra are adequately described
quence Cr-ox-Na-ox-Cr no superexchange pathway is poélsing a single rate constant for the energy-transfer process
sible. Furthermore, the resonant process, in general, does ristelf. .
occur between nearest neighbors, because the concentrationThere are two reasons for the fastesonantprocess in
of resonant species is much lower than the total concentrdhis system as compared to ruk{g) Because this is not a
tion of chromophores. doped system and because of the more than one order of

The most probable mechanism for such a comparativelyjnagnitude larger homogeneous linewidh012 cni* ver-

long-range resonant process is a dipole-dipole mechanisrfus <0.001 cm* (Ref. 24], the concentration of centers
the probability of which is given B/ which are resonant with each other is more than one order of

magnitude larger than in ruby doped with 0.9%3Cr (b)
With a radiative lifetime of 1.3 ms, as opposed to 3.5 ms for
Qalpa 1(R.\® ruby, the oscillator strength of th#A,— 2E transition in the
WDA:CO”S{rRe—w: T_r( ) , (") [Cr(ox)5]3~ chromophore is larger by a factor of 2.5. The
ToRpaVpa D . . . .
somewhat smaller inhomogeneous linewidth in rutly8
cm~! at 0.9% doping levé) counteracts the above to some
where Q, is the integrated absorption cross section of theextent, but cannot override their combined effect. The spe-
acceptor{)p, is the spectral overlap integral of the normal- cific nuclear structure of the three-dimensional oxalate net-
ized absorption and emission of the acceptor and the donowork inhibits the formation of exchange coupled pairs,
respectively 7 is the radiative lifetime of the donoRp is  which in ruby act as shallow traps and prevent experiments
the donor-acceptor separation, angh is the transferred en- at higher CF* concentrations.
ergy. ForQa, Qpa, andRpy in units of cm, 7 in seconds,
andpp, in cm™ 1, const takes on a value of X705
The critical distanceR. for which the rate of resonant
energy transfer via a dipole-dipole mechanism is equal to the This work was financially supported by the “Schweiz-
radiative lifetime of the donor can thus be estimated fromerischer Nationalfonds” and the “Hochschulstiftung der
experimentally accessible quantities. The valuesfpfand ~ Universitda Bern.” H.R. thanks the Australian Research
Vpa are given above. The integrated absorption cross sectiofouncil for financial support. We thank H. U."@el for the
can be calculated according’to use of the equipment.
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